(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World InteUectual Property 
Organization 
International Bureau 

(43) International Publication Date 
26 February 2004 (26,02.2004) 




mil 



PCX 



(10) International Publication Number 

WO 2004/016727 Al 



(51) International Patent Classification^: 
3/00, C12Q 1/00, 1/02 



C12M 1/34, 



(21) International Application Number: 

PCTAJS2003/025956 

(22) International Filing Date: 19 August 2003 (19.08.2003) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 






10/223,562 


19 August 2002 (19.08.2002) 


-US 


60/409,273 . 


9 September 2002 (09.09-2002) 


us 


10/457,048 


5 June 2003 (05.06.2003) 


us 


10/456,133 


5 June 2003 (05.06.2003) 


us 


10/457,049 


5 June 2003 (05.06.2003) 


us 


10/457,015 


5 June 2003(05.06.2003) 


us 


10/456,934 


5 June 2003 (05.06.2003) 


us 



(71) Applicant (for all designated States except US): BIOPRO- 
CESSORS CORPORATION [US/US]; 35-C Cabot Rd., 
Wobum, MA 01801 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): MILLER, Scott, E. 



[US/US]; 66 Garden Street, Somerville, MA 02144 (US). 
MALIN, Gennady [IL/US]; 24 Kerr Path, Newton, MA 
02459 (US). SCHREYER, Howard, B. [US/US]; 6 De- 
carolis Drive, Tewksbury, MA 01876 (US). RODGERS, 
Seth, T. [US/US]; 68 Simpson Avenue, Somerville, MA 
02144 (US). ZARUR,Andrey, J. [MX/US]; 30 Robinhood 
Road, Winchester, MA 01890 (US). 

(74) Agent: OYER, Timothy, J.; Wolf, Greenfield & Sacks, 
P.C., 600 Atlantic Avenue, Boston, MA 02210 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 

" ' CZ, DE, DK, DM, DZ, EC, EE, ES, H, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NT, NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC, 
SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA, 
UG, US, UZ, VC, VN, YU, ZA, ZW 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL. SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, H, FR, GB, GR, HU, IE, IT, LU, MC, NL. PT, RO, 
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). 

[Continued on next page] 



(54) Title: DETERMINATION AND/OR CONTROL OF REACTOR ENVIRONMENTAL CONDITIONS 



S3- 



O 



r 



(57) Abstract: The present invention generally relates to chemical, biological, and/or biochemical reactor chips and other reaction 
systems such as microreactor systems, as well as systems and methods for constructing and using such devices. In one aspect, a 
chip or other reaction system may be constructed so as to promote cell growth within it. In certain embodiments, the chips or other 
reaction systems of the invention include one or more reaction sites. The reaction sites can be very small, for example, with a volume 
of less than about 1 ml. In one aspect of the invention, a chip is able to detect, measure and/or control an environmental factor such 
as the temperamre, pressure, CO2 concentration, Ozconcentration, relative humidity, pH, etc. associated with one or more reaction 
sites, by using one or more sensors, actuators, processors, and/or control systems. In another aspect, the present invention is directed 
to materials and systems having humidity and/or gas control, for example, for use with a chip. Such materials may have high oxygen 
permeabihty and/or low water vapor permeability. The present invention, in still another aspect, generally relates to light-interacting 
components suitable for use in chips and other reactor systems. These components may include waveguides, optical fibers, light 
sources, photodetectors, optical elements, and the like. 
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DETERMINATION ANP/QR CONTROL OF REACTOR 
ENVIRONMENTAL CONDITIONS 

BACKGROUND 

Field of the Invention 

The present invention generally relates to chemical, biological, and/or biochemical 
reactor chips and other reaction systems such as microreactar systems. 

Description of the Related Art 

A. wide variety of reaction systems are loiown for the? production of products or 
chemical and/or biochemical reactions. Chemical plants inv^olving catalysis, biochemical 
fermenters, pharmaceutical production. plants, and a host of other systems are well-kno^n. 
Biochemical processing may involve the use of a live microorganism (e.g., cells) to produce 
a substance of interest. 

Cells are cultured for a variety of reasons. Increasingly, cells are cultured for 
proteins or other valuable materials they produce. Many cells require specific conditioais, 
such as a controlled environment. The presence of nutrients-, metabolic gases such as 
oxygen and/or carbon dioxide, humidity, as well as other fac^tors such as temperature, may 
affect cell gi'owth. Cells require time to grow, durhig which favorable conditions must be 
maintained. In some cases, such as witli particular bacterial cells, a successful cell cultrure 
may be performed in as little as 24 hours. In other cases, such as with particular 
manmialian cells, a successfiil culture may require about 30 days or more. 

Typically, cell cultures are performed in media suitable for cell growth and 
containing necessary nutrients. The cells are generally cultu-red in a location, such as aai 
incubator, where the environmental conditions can be controlled. Incubators traditiona.Ily 
range in size from small incubators (e.g., about 1 cubic foot> for a few cultures up to an 
entire room or rooms where the desired environmental conditions can be carefully 
maintained. 

Recently, as described in International Patent Application Serial No. 
PCT/US 01/07679, published on September 20, 2001 as WO 01/68257, entitled 
"Microreactors," incorporated herein by reference, cells have also been cultured on a v^ry 
small scale (i.e., on the order of a few milliliters or less), so that, among other things, iraany 
cultures can be performed in parallel. 



SUMMAKY OF THE INVENTION 

The present invention generally relates to chemical, biological, and/or biochemical 
reactor chips and other reaction systems such as ixiicroreactor systems. The stibject matter 
of this invention mvolves, in some cases, interrelated products, alternative solutions to a 
particular problem, and/or a plurality of different xises of one or more systems and/or 
articles. 

In one aspect, the invention is an apparatus. The apparatus, in one set of 
embodiments, includes a. chip comprising a predetermined reaction site havimg a volume of 
less than about 1 ml. In one embodunent, the apparatus also mcludes an acti-ve control 
system able to control an envkonmental factor associated with the chip in response to a 
signal indicative of a condition associated with the chip, so as to support a liv^ing cell within 
the predetermined reaction site. The apparatus, in another embodiment, includes a control 
system able to control an environmental factor associated with the predetermined reaction 
site, the envhonmental factor being at least one of relative humidity, pH, dissolved O2 
concentration, dissolved CO2 concentration, and concentration of a media component. 

According to another embodunent, the apparatus may include a control system able 
to produce a change in a first envuonmental factor associated with the predetermmed 
reaction site withm 1 s of and responsive to a change in a second environmental factor 
associated with the predetermmed reaction site. lai still another embodiment, the apparatus 
may include an active control system able to control an environment within tlie 
predetermined reaction site so as to support a living cell for a period of at least 1 day. hi yet 
another embodiment, the apparatus includes a membrane substantially transparent to 
incident electromagnetio radiation in the infrared to ultraviolet range having a pore size less 
than 2.0 microns in fluid communication with ftie predetermined reaction site. 

According to another embodiment, the apparatus also includes a component 
separating the predetennined reaction site from a source of anon-pH-neutral composition, 
hi still another embodinient, the apparatus can include a precursor able to react to form a 
gaseous agent able to substantially alter the pH of a substance within the predetermined 
reaction site, where the chip is arranged to allow gaseous non-liquid transpor-t of the agent 
to the predetermined reaction site, hi yet another embodiment, the apparatus includes a pH- 
altering agent dispensuxg unit integrally connected to the chip in fluid communication with 
the predetermined reaction site. The invention, in accordance with another exnbodunent. 
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includes a source of gas integrally connected to the chip. In another emb odiment, the 
invention includes a laser waveguide in optical commimication with a surface defining the 
predetermined reaction site. 

In yet another embodiment, the apparatxis includes a sensor integrally connected to 
5 the chip, where the sensor is able to determine an environmental factor associated with the 
predetermined reaction site. The environmental factor is at least one of pIH, a concentration 
of a dissolved gas, molarity, osmolarity, glucose concentration, glutamine concentration, 
pyruvate concentrations apatite concentration, color, turbidity, viscosity, a. concentration of 
an amino acid, a concentration of a vitamin, a ooncentration of a hormone?-, serum 
lO concentration, a concentration of an ion, shear xate, and degree of agitation. In some cases, 
the apparatus may aliso include an actuator integrally connected to the chip, where the 
actuator is able to alter the environmental factor. 

In another embodiment, the apparatus includes a first sensor integrally connected to 
the chip, the first sensor able to determine at least one of temperature and pressure, and a 
15 second sensor, integrally connected to the chip, that is able to determine a second 

environmental factor. The second environmentzal factor, in certain cases, is at least one of 
pH, a concentration of a dissolved gas, molaritj^, osmolarity, glucose concenti'ation, 
glutamine concentration, pyruvate concentration, apatite concentration, color, turbidity, 
viscosity, a concentration of an amino acid, a concentration of a vitamm, a concentration of 
20 a hormone, serum concentration, a concentration of an ion, shear rate, and degree of 

agitation. In some cases, the apparatus may also include an actuator integrally connected to 
the chip able to alter at least one of the temperatrure, the pressure, and the environmental 
factor. - ^ 

The apparatus, according to another embodiment of the invention, nnay include a 
25 sensor able to determine an envirormiental factor associated with at least orte of the 

predetermined reaction sites. The environmental factor may be at least one of the CO2 
concentration, glucose concentration, glutamine concentration, pyruvate concentration, 
apatite concentration, serum concentration, a concentration of a vitamin, a ooncentration of 
an amino acid, and a concentration of a hormone • 
30 In another set of embodiments, the apparatus includes a chip comprising a 

predetermined reaction site having an inlet, an outlet, and a volume of less flian about 1 ml. 
The predetermined reaction site constructed and arranged to maintain at least one living cell 
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at the predetermined reaction site. In some cases, the chip is constructed and arranged to 
stably connect in a predetermined, aligned relationship to other, similar clxips. 

In one set of embodiments, the apparatus mcludes a chip comprisiiag a 
predetermined reaction site having an inlet, an outlet, and a volume of less than about 1 ml, 
where the chip is constructed and arranged to be stably connectable to a imicroplate. The 
apparatus, in accordance with another set of eoabodiments, includes a chip comprising a 
predetermined reaction site having an inlet, an outlet, and a volume of less than about 1 ml, 
where the chip is constructed and arranged to l>e fluid communicable with an apparatus 
constructed and arranged to address a well of a microplate. In yet another set of 
embodiments, the apparatus mcludes a chip comprising a predetennined reaction site having 
an inlet, an outlet, and a volume of less than ab out 1 ml, where each predetermmed reaction 
site overlaps at least one well of a microplate. The apparatus, in still anottier set of 
embodiments, includes a substantially liquid-tight chip comprismg a predetermmed reaction 
site having a volume of less than about 1 ml, wliere the predetermined reaction site is 
constructed and an-anged to maintain at least orae living cell at the predeteirmined reaction 
site. 

The apparatus, in one set of embodimemts, is defined, at least in part, by a chip 
produced by a process includmg the step of fastening two components to produce a portion 
of the chip defining a predetermmed reaction site having a volume of less rthan about 1 ml, 
where the predetermined reaction site is constnacted and arranged to maintain at least one 
Uving cell at the predetermmed reaction site. Tie apparatus, in another set of embodiments, 
mcludes a chip comprising a predetermined reaction site having a volume of less than about 
1 ml, where the predetermined reaction site comstructed and arranged to maintam at least 
one living cell at the predetermined reaction site, and the predetermmed reaction site has a 
nonzero evaporation rate of less than about 100 microliters/day. 

According to another set of embodiments, the apparatus includes a predetermined 
reaction site having a volume of less than about 1 ml, that is constructed arad arranged to 
carry out a chemical or biological reaction promoted by or monitored by eLectromagnetic 
radiation withm a predetermined wavelength range, and a membrane, transparent to 
electromagnetic radiation within the predetermiiied wavelength range to th e extent 
necessary to promote or monitor the reaction, having a pore size of less tliam 2.0 microns in 
fluid communication with the predetermined reaction site. 
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In accordance with another set of embodiments, the apparatus is d&fined, at least in 
part, by a chip comprising a first predetermined reaction site having a volame of less than 
about 1 ml and a second predetermined reaction site, where the chip defines a pathway 
fluidly connecting the first predetermined reaction site and the second predetermined 

5 reaction site, and where the pathway crosses a membrane. 

The apparatus, in one set of embodiment, includes a reaction site having a first 
portion and a second portion separated by a ixxembrane, and at least a first and a 

second chaimel in fluidic communication witla the second portion of the reaction site. 
The invention is a method in another aspect The method, in one set of 

10 embodiments, includes an act of permeating a. pH-altering agent into a precdetermined 
reaction site having a volume of less than abovit 1 ml. According to another set of 
embodiments, the method includes at least acts of providing a chip comprising a 
predetermined reaction site having a volume of less than about 1 ml, generating an acid or a 
base proximate the predetermined reaction site, and contacting the acid or base with a 

15 substance within the predetermined reaction site to substantially alter the pM of the 

substance. In another set of embodiments, the method includes providing a chip defining at 
least one compartment, the chip further compr-ising a predetermined reaction site having a 
volume of less than about 1 ml, and permeabilizing a component positioned between the 
predetermined reaction site and the compartment. 

20 In accordance with one set of embodiments, the method includes producing a gas in 

a chip comprising a predetermined reaction site having a volume of less than about 1 ml by 
directing a laser at at least a portion of the chip. 

Accordmg to one set of embodiments, the invention, in a method of producing a 
chip comprising a predetermined reaction site having a volume of less than 1 ml, includes 

25 attaching a first component of the chip to a seoond component of the chip with or without 
auxiliary adhesive to produce a portion of the ohip that defines the predetermined reaction 
site. 

The method, in yet another set of embodiments, includes an act of providing a 
substrate having a surface into which is fabricated a plurality of reaction sit^s, where at least 
30 one reaction site has a volume less than about 2 ml and is divided by a subs-tantially cell 
impermeable membrane into at least a cell culture portion containing cells and a reservoir 
portion not containing cells, where the reservoir portion is fluidly connected to at least a 
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fust and a second channel fabricated into the surface of the substrate. The method also 
includes acts of introducing at least one test compound into at least one of the plurality of 
reaction sites, and monitoring the effect of tine test compound on cells located within the cell 
culture portion. 

In another aspect, the present invention is directed to a method of making one or 
more of the embodiments described herein, for example, a chip or othex reaction system, 
such as a microreactor system, tot yet another aspect, the present invention is directed to a 
method of using one or more of the embodiments described herein, for example, a chip or 
other reaction system, such as a microreactoi system, hi still another aspect, the present 
invention is directed to a method of promoting one or more of the embodiments described 
herein, for examplci a chip or other reaction system, such as a microrea.ctor system. 

In another aspect, the present invention is directed to a method of maldng a chip 
and/or a reactor system, e.g., as described in any of the embodiments herem. In yet another 
aspect, the present mvention is directed to a method of using a chip anci/or a reactor system, 
e.g., as described in any of the embodiments herein, for example, example. In still another 
aspect, the present invention is directed to a jnethod of promoting a chip and/or a reactor 
system, e.g., as described in any of the embodiments herein. 

Other advantages and novel features of the invention will beconne apparent from the 
following detailed description of the various non-limiting embodiments of the invention 
when considered in conjunction with the accompanying figures, hi cases where the present 
specification and a document incorporated b^' reference include conflicting and/or 
inconsistent disclosure, the present specification shall control. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Non-limiting embodiments of the pressent invention will be described by way of 
example with reference to the accompanying; figures, which are schema.tic and are not 
intended to be drawn to scale. In the figures, each identical or nearly identical component 
illustrated is typically represented by a single numeral. For the purposes of clarity, not 
every component is labeled m every figure, oor is every component of each embodiment of 
the invention shown where illustration is not necessary to allow those of ordinary skill in 
the art to understand the invention. In the figures: 

Fig. 1 illustrates one embodiment of the invention; 



Fig, 2 illixstrates an example of a microfluidic chip for use with the invention 
including mixing, heating/dispersion, reaction, and separation units, in expanded view; 

Figs. 3A-3C illustrate various stacka.ble arrangements of chips of the invention; 

Figs. 4A-4C illustrate various energy directors for use with the invention in certain 
embodiments; 

Figs 5A and 5B illustrate a device according to one embodimeni; of the invention, 
having multiple layers; 

Fig. 6 is a block diagram of an exannple of a control system of ttie invention; 

Figs. 7A and 7B illustrate a device according to anotlier embodiment of the 
invention having a dispensing unit; V ; 

Figs. 8 A and 8B illustrate a device according to another embodiment of the 
invention where a laser is used to produce a response; 

Figs. 9A and 9B are cross sectional views of certain embodimerxts of the present 
invention;- 

Figs. lOA - lOD illustrates certain m.embranes of the invention in fluid 
communication with various reaction sites. 

Fig. 11 is an illustration of the dependence of oxygen permeance on film thiclaiess 
in one embodiment of the invention; 

Fig. 12 is a plot of oxygen transmission versus water vapor transmission for various 
membranes, including certain membranes used in the invention; 

Fig. 13 is a graph of pH versus relati^^e intensity, in accordance with one 
embodiment of th.e invention; 

Fig. 14 IS a graph of optical density versus time, demonsti-ating oontrol of an 
envirormientai factor according to an embodiment of the invention; 

Fig. 15 illustrates one embodiment of the invention, showing a light interaction witli 
a reaction site; 

Fig. 16 illustrates the change of a pH indicator with respect to time in an 
embodiment of the invention; 

Figs. 17A and 17B (expanded) illustrate portions of various chips according to one 
embodiment of the invention; 

Figs. 18A and 18B illustrate expandeci views of portions of various chips according 
to another embodiment of the invention; 
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Fig. 19 illustrates an expanded view of a portion of a chip acoording to yet another 
embodiment of the invention; 

Fig. 20 is a graph illustrating oxygen permeability for an embodiment of the 
invention as used in a bacterial culture; 
5 Fig. 21 is a graph illustrating oxygen permeability for an emb odiment of the 

invention as used hi a mammaUan cell culture; 

Fig. 22 illustrates another embodiment of the invention having a waveguide; 

Fig. 23 is a graph of mtensity (in relative units) versus relative concentration, m an 
embodiment of the invention; 
10 Fig. 24 is a graph of optical density at 480 nm versus time in:;an experiment using an 

emboduTient of the invention; , : . , 

Fig. 25 illustrates a solid substrate havmg a reaction site and channels, in accordance 
with one embociiment of the invention; 

Figs. 26^-26E illustrate various views of the embodiment illustrated in-Fig. 25; and 
15 Figs. HJk. and 27B illustrate microfabricated bioreactors in aocordance with various 

embodiments of the invention. 

DETAILED DESCRIPTION 

The following applications are incorporated herein by reference: U.S. Provisional 
20 Patent Application Serial No. 60/282,741, filed April 10, 2001, entitled "Microfermentor 
Device and Cell Based Screening Method/' by Zarur, et al\ U.S. Patent Application Serial 
No. 10/1 19,91 7^ filed April 10, 2002, entitled "Microfermentor Device and Cell Based 
Screening Metlrod," by Zarur, et al ; International Patent Applicatiora No. 
PCT/US02/11422, filed April 10, 2002, entitled "Microfermentor De-vice and Cell Based 
25 Screening Methiod," by Zarur, et al ; U.S. Provisional Patent Application Serial No. 

60/386,323, file^d June 5, 2002, entitled "Materials and Reactors having Hmnidity and Gas 
Control," by Rodgers, et al; U.S. Provisional Patent Application Serial No. 60/386,322, 
filed June 5, 20O2, entitled "Reactor Having Light-Interacting Component," by Miller, et 
all U.S. Patent Application Serial No. 10/223,562, filed August 19, 2002, entitled "Fluidic 
30 Device and Cell-Based Screening Method," by Schreyer, e/a/.; U.S. Provisional Patent 
Application Serial No. 60/409,273, filed September 24, 2002, entitled "Protein Production 
and Screening Methods," by Zarur, et al; U.S. Patent Application Serial No. 10/457,048, 
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fxled June 5, 20O3, entitled '"Reactor Systems Responsive to Internal Conditions," by Miller, 
et al\ U.S. Patent Application Serial No. 1 0/456,934, filed June 5, 2O03, entitled "Systems 
and Methods for Control of Reactor Enviromnents," by Miller, etal\ U.S. Patent 
Application Serial No. 10/456,133, filed June 5, 2003, entitled "Microreactor Systems and 
5 Methods," by R.odgers, et al ; U.S. Patent Application Serial No. 1 0/457,049, filed June 5, 
2003, entitled "Materials and Reactor Systems having Humidity and Gas Control," by 
Rodgers, et al ; an International Patent Application, filed June 5, 200 3, entitled "Materials 
and Reactor Systems having Humidity and Gas Control," by Rodgers^ et al; U.S. Patent 
Application Serial No. 10/457,015, filed June 5, 2003, entitled "Reactor Systems Having a 
10 Light-Interacting Component," by Miller, et ai; an Iritemational Patent Application, filed 
June 5, 2003, entitled "Reactor Systems Hax^ing a Light-Interactmg Component," by Miller, 
et al; U.S. Patent Application Serial No. 10/457,017, filed June 5, 2003, entitled "System 
and Method for Process Automation," by Rodgers, et al; and U.S. Patent Application 
Serial No. 10/45 6,929, filed June 5, 2003, entitled "Apparatus and Method for Manipulating 
15 Substrates," by Zarur, et al 

The present invention generally relates to chemical, biological, and/or biochemical 
reactor chips and other reaction systems such as microreactor systems, as well as systems 
and methods for constructmg and using such devices. In one aspect, a chip or other reaction 
system may be constructed so as to promote cell growth within it. In oertam embodiments, 
20 the chips or other reaction systems of the invention hiclude one or more reaction sites. The 
reaction sites can be very small, for example, with a volume of less thsn about 1 ml. In one 
aspect of the invention, a chip is able to detect, measure and/or control an environmental 
factor such as the temperature, pressure, CO2 concenti'ation, O2 concentration, relative 
humidity, pH, etc. associated with one or more reaction sites, by using one or more sensors, 
25 actuators, processors, and/or control systems. In another aspect, the pxesent invention is 
directed to materials and systems having humidity and/or gas control, for example, for use 
with a chip. Such materials may have high oxygen permeability and/or low water vapor 
permeability. The present invention, in still another aspect, generally xelates to light- 
interacting components suitable for use in chiips and other reactor systems. These 
30 components may include waveguides, optical fibers, light sources, photodetectors, optical 
elements, and the like. 
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Refe™,g„ow,oFig.l.o„ep„„w of a chip according to one embodiment is 
Ulustmted schematically. The portion illustrated is a layer 2 which includes withh. it a 
sanesofvoidspaceswhich.wh=nlayer2is positioned between two layers (a top and 
bottom layer relative to «he plane of Fig. 1. not shown) define a s^e s of enclosed channels 
and^acaon^tes. The overaU atrangement into which layer 2 c» he assembled to form a 
ch:p wm be Mderstood more clearly from tbe description below with respect to other 
figures. 

Fig. 1 represents an embodiment tacludfag six teaction sites 4 (analogous to for 
-ample, r^on site 125 of Fig. 3A. or reaction site 112 of Fig. 5A, described bebw) 
Reachon sites 4 defme a series of gene^ly aligned, elongated, rounaed rectangular voids 
wthm a reWvely thin, generally planar pieee of material def«g |a.3,er 2. Reaction sites 4 
can be addtessed by a series of channels incUtding chamois 6 for delivering species to 
reaction sites 4 aad channels 8 for n=mo.al of species fa™ the ««=ti„n sites. Of course 
any combinaSon of channels can be used to deUver and/or remove species ftom the reaction 
sttes. For example, channels 8 can be used to deliver species to the reaction sites while 
Channels 6 can be ..ed to .move species, etc. A,ti,ou^ sho™ as toes in Fig. ,. channels 
6 and 8 are to be understowl to define voids within layer 2 which, wlxen covered above 
and/orbelowby other Iayers,maybecon,. enclosed cham,els. Eachofcham,els6and8 in 
theembcdm.«illustratedinFig.,,isaddressedbyap„r.9. Where port 9 is connected' to 

an mle, channel it candefme an mlet po^arxd Where fluidly connects toanontletchannel 
..ca^deflneanoutietport. h. the embodto^n. iHustiBted, port 9 is a void «,at is larger to 

w,dd,tiu>nttawicJti,ofchannels6or8.ftoseofordu,a,ysldlli„tl,eartwill,ecognizea 

variety of techniques for accessing ports9a,.dutilizmgthem to introduce species tato 
chapels, and/or remove species from chamtels addressed by those ports. As one example 

port9canbea-3elf-sealing-po,,.add.essabIebyaneedle(asdescribedmo.,«UybelL; 
wh^ at least one side of port 9 is coveted by a layer (no. shown, of material which, when a 
needle .s tnseded through ti,e material and ^itird^wn. fo„„, ^ seal g^emlly impenneable 
to spectes such as fluids introduced mto or removed from the chip via flae port 

Also shown in Fig. 1 ate a series of ports 13. not shown to be ihidly comtected or 
connectable to any inle, channels, onttet chattels, or .eaction sites of fl,e chip. Ports 15 can 
be deflned by voids in layer 2. ™d can be used to facilitate fluidic cor,nection between and 
amoagvarious layers ofachipand/oranenviromnem external to fce chip. As an example 



where layer 2 forms part of a multi-layer chip inclxiding multiple reaction sif:es in different 
layers, another layer may be provided on one side of layer 2 (optionally separated by an 
intermediate layer or layers) including one set of reaction sites or conduits, and another 
layer may be provided on the opposite side of laye?T 2, similarly separated hy^ intermediate 
layers if desirable, and ports 15 may define passages or routes for fluidic connection 
between reaction sites and/or conduits of chip lay&xs on opposite sides of la>^er 2. Ports 15 
also may connect to chaimels communicating with_ a chamber aligned with a, chamber 
defining reaction site 4, separated from the reactioxi site by a membrane, e,g^ semipermeable 
membrane. In this way, fluid can be independentl5^ flowed into, out of, and/or through a 
space on one side of a membrane, and also independently through a space on the other side 
of the membrane, one or both defining a chamber and/or reaction site. 

In Fig. 1, each reaction site 4, along with thie associated fluidic connetctions (e.g., 
chaimels 6 and 8, ports 9 and ports 15), together define a reactor 14, as indicated by dotted 
lines. In Fig. 1, layer 2 contains six such reactors, each reactor having substantially the 
same configuration. In other embodiments, a reactor may include more than one reaction 
site, channels, ports, etc. Additionally, a chip layer may have reactors that do not 
substantially have the same configuration. 

Additionally shown in Fig. 1 is a series of devices 16 which can be used to secure 
layer 2 to other layers of a chip and/or to assure alignment of layer 2 with othier layers 
and/or other systems to which the chip is desirably coupled. Devices 16 can define screws, 
posts, indentations (i.e., that match correspondmg protrusions of other layers or devices), or 
the like. Those of ordinary skill in the art are aware of a variety of suitable teclmiques for 
securing layers to other layers and/or chips of the invention to other components or systems 
using devices such as these. 

A variety of definitions are now provided w^hich will aid in understanding of the 
invention- Following, atxd interspersed with these definitions, is further disclosure, 
including descriptions of figures, that will fully desoribe the invention. Components shown 
in the figures that follow can generally be used in conjunction with layer 2 or Fig. 1 . It is to 
be understood that in Fig. 1, and in all of the other figures, the arrangement of reaction sites, 
number of reaction sites, arrangement of channels a^ddressing reaction sites, p orts, and the 
like are merely given as examples that fall within tixe overall invention. 
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The term "deterxnining," as used herein, generally refers to the measurement and/or 
analysis of a substance (e.g., within a reaction site), for example, quantitative ly or 
qualitatively, or the detection of the presence or absence of the substance. "EiDetermining" 
may also refer to the measurement and/or analysis of an interaction between two or more 
substances, for example, quantitatively or qualitatively, or by detecting the presence or 
absence of the interaction. Examples of techniques suitable for use in the invention include 
but are not limited to, gravimetric analysis, calordmetry, pressure or temperature 
measurement, spectroscopy such as infrared, absoiption, fluorescence, UY/visible, FTIR 
("Fourier Transform Infrared Spectroscopy"), or Raman; gravimetric techniques; ' 
ellipsometry; piezoelectric measurements; immuznoassays; electrochemical measurements- 
optical measurements such as optical density measurements; circular dichroism; light 
scattering measurements such as quasielectric light scattering; polarimetry; r^fractomety; 
or turbidity measurements, including nephelometry. 

A "chip," as used herein, is an integral article that includes one or moire reactors 
"Integral article" means a single piece of materia.1, or assembly of components integrally 
connected with each other. As used herein, the term "integrally comiected," v^hen referring 
to two or more objects, means objects that do not become separated from each other during 
the course of nomal use, e.g., camiot be separate^d manually; separation requia-es at least the 
use of tools, and/or by causing damage to at least: one of the components, for example by 
breakhxg, peeling, etc. (sepamting components fastened together via adhesives, tools, etc.). 

A chip can be comiected to or mserted into a larger framework defmiiug an overall 
reaction system, for exaxnple, a high-throughput system. The system can be cLefmed 
primarily by other chips, chassis, cartridges, cassettes, and/or by a larger machine or set of 
conduits or chamiels, sources of reactants, cell types, and/or nutrients, inlets, outlets 
sensors, actuators, and/or controllers. Typically, the chip can be a generally flat or planar 
article (i.e., having one dimension that is relatively small compared to the oUier 
dimensions); however, in some cases, the chip can be a non-planar article, for- example, the 
chip may have a cubical shape, a curved surface, a solid or block shape, eto. 

As used herein, a "membrane" is a three-dimensional material having any shape 
such that one of the dimensions is substantially smaller than the other dimensi<3ns. In some 
cases, the membrane may be generally flexible or non-rigid. As an example, a membmne 
may be a rectangular or circular material with a length and width on the order of 
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millimeters, centimeters, or more, and atliickaess of less than a millimeter^, and in some 
cases, less than lOO microns, less than 10 microns, or less than 1 micron or less. The 
membrane may define a portion of a reaction site and/or a reactor, or the membrane may be 
used to divide a reaction site into two or more portions, which may have volumes or 
dimensions which are substantially the same or- different. Some membranes may be 
semipermeable raeinbranes, which those of orciinary skill in the art will recognize to be 
membranes permeable with respect to at least one species, but not readily permeable with 
respect to at least one other species. For example, a semipermeable membirane may allow 
oxygen to permeate across it, but not allow water vapor to do so, or allows -water vapor to 
permeate it, but at a permeability that is at leas-t an order of magnitude less. Or a 
semipermeable mencxbrane may be selected to' allow water to permeate across it, but not 
certain ions. For example, the membrane may be permeable to cations and substantially 
impermeable to anions, or permeable to anions- and substantially imperaieafcle to cations 
(e.g., cation exchange membranes and anion exchange membranes). As another example, 
the membrane may be substantially impermeable to molecules having a molecular weight 
greater than about 1 Idlodalton, 10 kilodaltons, or 100 kilodaltons or more. In one 
embodiment, the membrane may be impermeable to cells, but be chosen to be peraieable to 
varied selected substances; for example, the membrane may be permeable to nutrients, 
proteins and other molecules produced by the cells, waste products, or the like. In other 
cases, the membrane may be gas impermeable. Some membranes are transparent to 
particular light (e.g. infrared, UV, or visible light; light of a wavelength witli which a device 
utilizing the membrane interacts; visible light idfnot otherwise indicted). Where a 
membrane is substantially transparent, it absorbs no more than 50% of light, or m other 
embodiments no more than 25% or 10% of lighit, as described more folly herein. In some 
cases, a membrane may be both semipermeable and substantially transpareot. The 
membrane, in one embodiment, may be used to divide a reaction site constructed and 
arranged to support cell culture firom a second portion, for example, a reserx^oir. For 
example, a reaction site may be divided into three portions, four portions, ox five portions. 
For instance, a reaction site may be divided into a first cell culture portion and a second cell 
culture portion flanking a first reservoir portioa and two additional reservoix portions, one 
of which is separated by a membrane from the :first cell culture portion and the other of 
which is separated by a membrane from the second cell culture portion. Of course, those of 
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ordinary skill in the art will be able to design other arrangements, having varying numbers 
of cell culture portions, reservoir portions, and the like, as further described below. 

As used herein, a "substantially transparent" material (for example, a membrane) is 
a material that allows electromagnetic radiation to be transmitted throogh the material 
5 without significant scattering, such that thie intensity of electromagnetic radiation 
transmitted through the material is sufficient to allow the radiation to interact with a 
substance on the other side of the material, such as a chemical, biochemical, or biological 
reaction, or a cell. In some cases, the material is substantially transparent to incident 
electromagnetic radiation ranging between the infrared and ultraviolet ranges (including 
10 visible light) and, in particular, between wavelengths of about 400 - 4L 0 nm and about 
1,000 nm. In soxne cases, the material ma^^ be transparent to electromagnetic radiation 
between wavelengths of about 400 - 410 mm and about 800 nm, and itl some embodhnents, 
the material may be substantially transparent to radiation between wavelengths of about 450 
nmand700nm. The substantially transparent material may be able to transmit 
15 electromagnetic radiation in some cases such that a majority of the radiation mcident on the 
material passes through the material unaltered, and in some embodiments, at least about 
50%, in other embodiments at least about 75%, in other embodiments at least about 80%, in 
still other embodiments at least about 90%>, in still other embodiments at least about 95%, in 
still other embodiments at least about 91Yo, and in still other embodiments at least about 
20 99% of the incident radiation is able to pass through the material unaltered. In certain cases, 
the material is at least partially transparent to electromagnetic radiationt within the above- 
mentioned wavelength range to the extent necessary to promote and/or monitor a physical, 
chemical, biochemical, and/or biological reaction occurring within a reliction site, for 
example as previously described. In other embodiments, the material may be transparent to 
25 electromagnetic radiation within the above-mentioned wavelength rang:e to the extent 
necessary to monitor, observe, stimulate and/or control a cell within the reaction site. 

As used Ixerein, a "reactor" is the combination of components iixcluding a reaction 
site, any chambers (including reaction chambers and ancillary chambers), channels, ports, 
inlets and/or outlets (i.e., leading to or from a reaction site), sensors, actuators, processors, 
30 controllers, membranes, and the like, which, together, operate to promote and/or monitor a 
biological, chemical, or biochemical reaction, interaction, operation, or experiment at a 
reaction site, and which can be part of a chip. For example, a chip may include at least 5, at 
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least 10, at least 20, at least 50, at least lOO^ at least 500, or at least 1,000 or more reactors. 
Examples of reactors include chemical or biological reactors and cell culturing devices, as 
well as the reactors described in Intematiotxal Patent Application Seria.1 No. 
PCT/USO 1/07679, published on September 20, 2001 as WO 01/68257, incorporated herein 

5 by reference. Reactors can include one or rxiore reaction sites or chain"bers. The reactor 
may be used for any chemical, biochemical^ and/or biological purpose^, for example, cell 
growth, pharmaceutical production, chemical synthesis, hazardous chemical production, 
drug screening, materials screening, drug development, chemical remediation of warfare 
reagents, or the like. For example, the reactor may be used to facilitate very small scale 

10 culture of cells or tissues. In one set of embodiments, a reactor of the invention comprises a 
matrix or substrate of a feSv millimeters to oentimeters in size, containixig chaimels with 
dimensions on the order of, e.g., tens or hundreds of micrometers. Rea.gents of interest may 
be allowed to flow through these channels, for example to a reaction siXe, or between 
different reaction sites, and the reagents may be mixed or reacted in sorne fashion. The ' 

15 products of such reactions can be recovered^ separated, and treated within the system in 
certain cases. - 

As used herein, a "reaction site" is delBned as a site within a reactor that is 
constructed and arranged to produce a physical, chemical, biochemicaU and/or biological 
reaction during use of the reactor. More thaji one reaction site may be present within a 

20 reactor or a chip in some cases, for example-, At least one reaction site, at least two reaction 
sites, at least three reaction sites, at least foux reaction sites, at least 5 reaction sites, at least 
7 reaction sites, at least 10 reaction sites, at least 15 reaction sites, at least 20 reaction sites, 
at least 30 reaction sites, at least 40 reaction sites, at least 50 reaction si"tes, at least 100 
reaction sites, at least 500 reaction sites, or a.t least 1,000 reaction sites or more may be 

25 present within a reactor or a chip. The reaction site may be defined as a region where a 
reaction is allowed to occur; for example, the reactor may be construct&d and arranged to 
cause a reaction within a channel, one or moxe chambers, at the intersec^tion of two or more 
channels, etc. The reaction may be, for example, a mixing or a separation process, a 
reaction between two or more chemicals, a light-activated or a light-inhibited reaction, a 

30 biological process, and the like. In some emt)odiments, the reaction mary involve an 

interaction with light that does not lead to a chemical change, for example, a photon of light 
may be absorbed by a substance associated with the reaction site and converted into heat 
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energy or re-emitted as fluorescence. In certain embodiments, the reaction site may also 
include one or nacre cells and/or tissues. Thus, in some cases, the reaction site may be 
defined as a region surrounding a location ^vhere cells are to be placed within the reactor, 
for example, a cytophilic region within the reactor. 

In some cases, the reaction site containing cells may include a. region containing a 
gas (e.g., a "gas head space"), for example, if the reaction site is not completely filled with a 
liquid. The gas head space, in some cases, may be partially separated fi-om the reaction site, 
through use of a gas-permeable or semi-permeable membrane. In some cases, the gas head' 
space may include various sensors for monitormg temperature, and/or- other reaction 
conditions. ; , 

' Many embodiments and arrangements of-the -invention are described with reference 
to a chip, or to a reactor, and those of ordirxaiy skill in the art will recognize that the 
invention can apply to either or botii. For example, a chamiel arrangeznent may be 
described in the context of one, but it will be recognized that the arraixgement can apply in 
the context ofthe other (or, typically, both: a reactor which is part of a chip). Itistobe 
understood that all descriptions herein that are given in the context of a reactor or chip apply 
to the other, unless inconsistent with the description ofthe arrangement in the context of tlie 
definitions of "ctdp" and "reactor" herein. 

In some embodiments, the reaction site may be defined by geometrical 
considerations. For example, the reaction site may be defined as a chamber in a reactor, a 
channel, an intersection of two or more channels, or other location defined in some fashion 
(e.g., formed or etched within a substrate that can define a reactor and^or chip). Other 
methods of defiaing a reaction site are also possible. In some embodiments, the reaction 
site may be artificially created, for example, by the intersection or union of two or more 
fluids (e.g., within one or several chamiels), or by constraining a fluid on a surface, for 
example, using bumps or ridges on the surface to constrain fluid flow. In other 
embodiments, the reaction site may be defined through electrical, magnetic, and/or optical 
systems. For example, a reaction site may be defined as the intersection between a beam of 
light and a fluid channel. 

The volume ofthe reaction site can te very small in certain emibodiments. 
Specifically, the reaction site may have a volume of less than one liter, less than about 100 
ml, les than about 10 ml, less than about 5 ml, less than about 3 ml, less than about 2 ml 
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less than about 1 ml, less than about 50O microliters, less than aboxit 300 microliters, less 
than about 20O microliters, less than about 100 microliters, less than about 50 microliters, 
less than about 30 microUters, less than about 20 microliters or less than about 10 
microliters in various embodiments. The reaction site may also hsLWQ a volume of less than 

5 about 5 microliters, or less than about 1 microliter in certain cases. The reaction site may 
have any convenient size and/or shape. In another set of embodimtents, the reaction site 
may have a dimension that is 500 microns deep or less, 200 microns deep or less, or 100 
microns deep or less. 

In some cases, cells can be present at the reaction site. Seixsor(s) associated with the 

10 chip or reactor 5 in certain cases, may be able to determine the numlDer of cells, the density of 
cells, the status or health of the cell, the.oell type, the physiology of the cells, etc. In certain 
cases, the reactor can also maintain or control one or more environ.mental factors associated 
with the reaction site, for example, in such a way as to support a chemical reaction or a 
living cell. In one set of embodiments, a sensor may be connected to an actuator and/or a 

15 microprocessor able to produce an appropriate change in an environmental factor within the 
reaction site. The actuator may be connected to an external pump, the actuator may cause 
the release of a substance from a reservoir, or the actuator may pro duce sonic or 
electromagnetic energy to heat the reaction site, or selectively kill a type of cell susceptible 
to that energy. The reactor can include oxie or more than one reaction site, and one or more 

20 than one sensor, actuator, processor, and/ or control system associated with the reaction 
site(s). It is to be understood that any reaction site or a sensor techjiique disclosed herein 
can be provided in combination with any combination of other reaction sites and sensors. 
As used herein, a "channel" is a conduit associated with a reactor and/or a chip 
^ (within, leading to, or leadmg from a reaction site) that is able to tr^sport one or more 

25 fluids specifically from one location to another, for example, from an inlet of the reactor or 
chip to a reaction site, e.g., as fiirther described below. Materials (e.g., fluids, cells, 
particles, etc.) may flow through the channels, continuously, randomly, intermittently, etc. 
The channel may be a closed channel, or a charmel that is open, for example, open to the 
external environment surroundmg the reactor or chip containing the reactor. The channel 

30 can include characteristics that facilitate control over fluid transport, e.g., structural 
characteristics (e.g., an elongated indentation), physical/chemical c^haracteristics (e.g., 
hydrophobicity vs. hydrophilicity) and/or other characteristics that can exert a force (e.g., a 
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biochemical reactions. In some cases each reactor may have around 25 inlets and/or outlets, 
in other cases around 50 inlets and/or outlets, in still other esses around 75 inlets and/or 
outlets, or around 100 or more inlets and/or outlets in still other cases. 

As one example, the inlets and/or outlets of the chip^ directed to one or more 
reactors and/or reaction sites may include inlets and/or outlets for a fluid such as a gas or a 
liquid, for example, for a waste stream, a reactant stream, a product stream, an inert staream, 
etc. In some cases, the chip ma^^ be constructed and arranged such that fluids entering or 
leaving reactors and/or reaction sites do not substantially disturb reactions that may be 
occurring therein. For example-, fluids may enter and/or lea've a reaction site without 
affecting the rate of reaction in a chemical,^ biochemical, and/or biological reaction 
^ occurring within the reaction site, or withoiit disturbing and/or disrupting cells that may be 
present within the reaction site. Examples of inlet and/or ouitlet gases may include, bu-t are 
not limited to, CO2, CO, oxygen, hydrogen, NO, NO2, water* vapor, nitrogen, ammonia, 
acetic acid, etc. As another example, an inlet and/or outlet Ouid may include liquids aznd/or 
other substances contained therein, for example, water, saline, cells, cell culture mediuam, 
blood or other bodily fluids, antibodies, pH buffers, solvents, hormones, carbohydrates, 
nutrients, growth factors, therapeutic agents (or suspected tlxerapeutic agents), antifoaming 
agents (e.g., to prevent production of foam and bubbles), proteins, antibodies, and the lilce. 
The inlet and/or outlet fluid may also include a metabolite hn some cases. A "metabolite," 
as used herein, is any molecule that can be metabolized by a. cell. For example, a metabolite 
may be or include an energy source such as a carbohydrate or a sugar, for example, glucose, 
fructose, galactose, starch, corn syrup, and the like. Other e:xample metabolites include 
hormones, enzymes, proteins, signaling peptides, amino acids, etc. 

The inlets and/or outlets may be formed within the cliip by any suitable technique 
loiown to those of ordinary skill in the art, for example, by hLoles or apertures that are 
punched, drilled, molded, milled, etc. withm the chip or withiin a portion of the chip, such as 
a substrate layer. In some cases, the inlets and/or outlets maty be lined, for example, w^ith an 
elastomeric material. In certain embodiments, the inlets andVor outlets may be constru<^ted 
using self-sealing materials that may be re-usable in some cases. For example, an inle* 
and/or outlet may be constructed out of a material that allow^s the inlet and/or outlet to be 
liquid-tight (i.e., the inlet and/or outlet will not allow a liquid to pass therethrough withiout 
the application of an external driving force, but may admit tbie insertion of a needle or other 
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meehanioal device able ,0 penetrate tte material under certain eo„di,io„s). I„ som« cases 
upon removal of .he needle or oflaer mechanical device, ihe material may be abte ,0 reg^n 
.tslrq„id-.ightproperti«(i.e.,a"self-sealinrma.erial). Non-limiting examples of self- 
sealing materials suitable for use with the tav^rtion i„ol„de, for example, polymer such as 
polydtmethybiloxane CPDMS-,. natural rubber. HDPE. or silicone materials such as 
Formulations RTV 108. RTy 615, or RTV 1 18 (General Electric, New York. NY) 

In some embodiments, the chip of the present invenSon may taolude ve^- s„all 
elet^ents. for example, sub-nalllimeter or micrafluidio elements. For example, in some 
embodrntents, the chip „ay toclude a. least one reaction site havtog a cross section^ 

d,mens,onofnogrea.er«,an,forexample.l00mm,-80r»m.50mm,orl0m™. In some 
embodiments. fl,e reacBon site may have a maximum cnsss secrion uo greater than, for 
exanrple, l„o mm. 80 n™. 50 mm. or 10 mm. As used Herein, the "cross s^tion" ^fers to 
a distance measured between two opposed boundaries oethe reaction site, and the 
"ma^um cross section" refers .0 the largest distance be^.een two opposed bounaaries 
ftat maybemea^. Mother embodiments, a cmsssecUon or a maximum cross section 
of a reaction site may be less flranS mm. Iessthan.2-,„m, lass than 1 mm, less than 500 
micrometers, less than 300 micrometers, less than 100 m,icromete,s, less than 10 
ratcrometers. or less than 1 micrometer or smaller. As u^ed herein, a "microfluidic chip- is 
a chip comprising at least one fluidic element having a s,^b-millime.er cross section. 1 e 
having a cross section that is lessthanlmm. As one particular non-limiting example a 
morion site may have a generally rectangular shape, witi a length of 80 mm, a wiafl, of I„ 
mm, and a depth of 5 mm. 

While one reacdon sit. may be able to hold and/or react a small volume of fluid as 
desoribed hereto, the technology associated with the invention al«, allows for scalability 
and parallelizatiou. Wiftt^gard to throughput au array «fmany reactors and/or re^„„ 
sttes wtthin a chip, or wilhm a plurality of chips, can be bull, m pamllel to genemte larger 
capacities. For example, a plurality of chips (e.g. at least: about 10 chips, at least al>ou. JO 
chtps, a, least about 50 chips, at least about 75 chips, at least about .00 chips, a. le^st about 
OO chips, at leastaboutaOO chips, a, leas, about 500 chips, at least about 750 chips or at 
least about I.OOO chips or more) may be operated in p^Uel, for example, through ,*e use 
of robotics, for example which can monitor or control the chips automatically 
Addrtiohally, an advantage tnay be obtained by mainWnSng production capacity at *,e small 
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scale of reactions typically performed in the laboratory, with scale-up via parallel ization. It 
is a feature of the invention that many reaction sites may be arranged in parallel within a 
reactor of a chip and/or within a plurality of chips. Specifically, at least five reaction sites 
can be constructed to operate in parallel, or in other cases at least about 7, about L 0, about 
5 30, about 50, about 100, about 200, about 500, about 1,000, about 5,000, about 10,000, 
about 50,000, or even about 100,000 or more reaction sites can be constructed to operate in 
parallel, for example, in a high-throughput system. In some cases, the number or reaction 
sites may be selected so as to produce a certain quantity of a species or product, or so as to 
be able to process a certain amount of reactant. In certain cases tlie parallelization of the 
10 ctiips and/or reactors may allow many compounds to be screened sunultaneously^ or many 
different growth conditions arid/or cell lines to be tested and/or screened simuharxeously. 
Of course, the exact locations and arrangement of the reaction site(s) within the reactor or 
ctiip will be a function of the specific application. 

Additionally, any embodiment described herein can be used in conjunctioxi witii a 
15 collection chamber connectable ultimately to an outle=t of one or more reactors an<d/or 
reaction sites of a chip. The collection chamber may have a volume of greater than 10 
milliliters or 100 milliliters in some cases. The colleotion chamber, in other cases, may 
have a volume of greater than 100 liters or 500 liters, or greater than 1 liter, 2 liteirs, 5 liters, 
or 10 liters. Large volumes may be appropriate where the reactors and/or reaction sites are 
20 arranged in parallel within one or more chips, e.g., a plurality of reactors and/or reaction 
sites may be able to deliver a product to a collection chamber. 

In some embodiments, the reaction site(s) andVor the chaimels in fluidic 
communication with the reaction site(s) are fi'ee of ac"tive mixing elements. In these 
embodiments, the reactor of the chip can be constructed in such a way as to cause 
25 turbulence in the fluids provided through the inlets aixd/or outlets, thereby mixing and/or 
delivering a mixture of the fluids, preferably without active mixing, where mixing is 
desired. Specifically, the reactor and/or reaction site(s) may include a plurality pf^ 
obstructions in the flow path, of the fluid that causes fluid flowing through the flow path to 
mix, for example, as shown in mixing unit 42 in Fig. 2. These obstructions can be of 
30 essentially any geometrical a.rrangement for example, a series of pillars. As used lierein, 
"active mixing elements" is xneant to define mixing elements such as blades, stirrers, or the 
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^23- 

context, can mean complete alignment, such that t±ie entire area of the side of a reaction site 
adjacent another reaction, site or well completely overlaps the other reaction site or well, and 
vice versa, or at least a portion of the reaction site^ can overlap at least a portion of an 
adjacent reaction site or well. "Chemically, biologically, or biochemically coxmectable" 
means that the reaction site is in fluid communica-tion with another reaction si"te or well (i.e., 
fluid is free to flow from one to the other); or is flxiidly connectable to the other site or well 
(e.g., the two are separated from each other by a wall or other component thatr can be 
punctured or ruptured, or a valve in a conduit connecting the two can be opened); or the 
reaction site and other site or well are arranged such that at least some chemic-al, biological, 
or biochemical species can migrate from one to th.e other, e.g., across a semipermeable 
membrane. As examples^ a chijp may have six rea.ction sites that are constmcted and 
arranged to be aligned with the six wells of a 6-well microplate when the chip is stably 
connected with the microplate (e.g., positioned on. top of the microplate), a chip having 96 
reaction sites may be constructed and arranged such that the 96 wells are cons"tructed and 
arranged to be aligned with the 96 wells of a 96-w^ell microplate when the chip is stably 
cormected with the microplate, etc. Of course, in some cases, the chip may be^ constructed 
and an-anged such that a single reaction site of the chip is aligned with more thian one 
microplate well and/or more than one other reaction site, and/or such that more than one 
microplate well and/or more than one other reaction site is aligned with a single reaction site 
of the chip. 

Chips of the invention also may be constnxcted and arranged such that at least one 
reaction site and/or reactor of the chip is in fluid communication with, and/or chemically, 
biologically, or biochemically connectable to an apparatus constructed and arr^anged to 
address at least one well of a microplate, for exanxple, an apparatus that can add species to 
and/or remove species from wells of microplates, and/or can test species withiai wells of a 
microplate. In this arrangement, the apparatus may add and/or remove species to/from a 
reaction site of a chip, and/or test species at reaction sites. In this embodiment:, the reaction 
sites typically are arranged in alignment with wells of the microplate. 

With reference to IFigs. 3 A and 3B, examples are shown in which inventive chip 120 
may be stably connected tro commercially-available microplate 123. In Fig. 3 A, chip 120 
may be positioned such ttiat at least some of reaction sites 125 of chip 120 are aligned with, 
and/or connectable with at least some of wells 127 of microplate 123 when chip 120 is 



-24- 



stably connected to microplate 123. Similarly, in Fie 3B rhm i on u 
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the like as are known by those of ordinary skill Ln the art. The chip may also be fabricated 
by patterning multiple layers on a substrate (which may be the same or different), for 
example, as further described below, or by using various Icnown rapid prototyping or 
masking techniques. Examples of materials that can be used to form chips include 
polymers, silicones, glasses, metals, ceramics, iciorganic materials, and/or a combination of 
these. The materials may be opaque, semi-opaque translucent, or transparent, and may be 
gas permeable, semi-permeable or gas impermeable. La some cases, the chip may be 
formed out of a material that can be etched to produce a reactor, reaction sit-e and/or 
channel. For example, the chip may comprise an inorganic material such as a 
semiconductor, fused silica, quartz, or a metal. The semiconductor materiaL may be, for 
example, but not limited to, silicon, silicon nitride, gallium arsenide, indiuiix arsenide, 
gallium phosphide, iadium phosphide, galhum nitride, uidium nitride, other Group IIW 
compounds, Group n/VI compounds, Group BOTV compoimds. Group IV compounds, and 
the like, for example, compounds having three ox more elements. The semiconductor 
material may also be jEbrmed out of combination of these and/or other semic onductor 
materials known in the art. In some cases, the semiconductor material may te etched, for 
example, via known processes such as lithograpkiy. In certam embodiments-, the 
semiconductor material may have the from of a wafer, for example, as is commonly 
produced by the semiconductor industry. 

In some embodiments, a chip of the inveotion may be formed from or include a 
polymer, such as, but not limited to, polyacrylate, polymethacrylate, polycairbonate, 
polystyrene, polyethylene, polypropylene, polyvinylchloride, polytetrafluoroethylene, a 
fluorinated polymer, a silicone such as polydimethylsiloxane, polyvinyliden^ chloride, bis- 
benzocyclobutene ("BCB"), a polyimide, a fluorinated derivative of a polyimide, or the like. 
Combinations, copolymers, or blends involving polymers including those described above 
are also envisioned. The chip may also be formed from composite materials, for example, a 
composite of a polymer and a semiconductor mat:erial. 

In some embodiments, the chip, or at least a portion thereof, is rigid, such that the 
chip is sufficiently stuxdy in order to be handled fcy commercially-available microplate- 
handling equipment, ajnd/or such that the chip does not become deformed after routine use. 
Those of ordinary skill in the art are able to sele&t materials or a combination of materials 
for chip construction that meet this specification, while meeting other specifications for use 
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forwhioh a partiouteohip is intended. In other embodiments, however, to ohip„.y be 
semi-ngid or flexible. 

In certain embodiments, fl,e cldp n,a, include a sterilizable material. For ex«nple 
«.e ohp may be *,Ui^ble i. some fasluonto MOI or otherwise dea«iva,e biologica. ceils' 
(..g, bacteria), vi^ses. etc. therein, before the chip is used or re-used. For instance «,e 
ch,p may be sterili^ ^ith ehemicals, ^dialed (for example, wid, ulttaviolet Ugh, aLd/or 
.omzmg,adiaaon,.heat-^ea.ed, orthe like. Appropriate sterilization techniques and 
protocols ^k„„„„ to those Of ordinatysM in tte art. For example, in one embodiment 
the otap . autoclavable. i.e., the Chip is connoted and arranged out of mate^^^^ 
wtths^d commonly-used autoclaving condition. (e.g., exposure to temp«^s greater 
than about 00 or a,,out 1.0 .»0, often ate,e,.ted pressures, such aspr.s.,es ol least 
one ataosphete), .ch that the chip, after steriUz^on. does no, substattially defonu or 

•otherw^ebecomeunusable. Other examplesof3terili^tion,ech„i,„es include exposu. 
ozone, alcoho, ph.oio. halogens, heavy mCa. (e.g., silver „i«.te, detergents. ..Itana^ 

ammomum components. ettyleneoxide. CO. aldehydes, etc. In anofter embodimen, J 
ctap ,s able to withstand ionizmg radiation, for ocample. sho« wavelength, high-intens'ity 
adta^on. such as gam™ rays, elecfion-beams. or X-rays, m some cases, iodizing radialn 
may be produced Sonx a nuclear reaction. e.g.. fi-om «,e decay of ""Co or "'Cs 
the u, Tl ^' least apo«,o„ of fte chip may be fabrioated without 

heuseofadhes-vematerials. For example, at le^s, two components ofachi,, (e.g two 
ayers of the chip if the chip is a multi-layered str^ctu.. a layer or substrate of the Ihip and 
membrane, two menxbranes, an article of the ohup and a component of a mierofluidic 
system. etO-may be fastened toged,er without tl.e use of an adhesive material For 
example, the components may be connected by asing methods such as hea, sealing some 
we,dmg.v,aapp,icationofap,ess..-se„si..e„ateria,.a„dthelil.e. Mone embtdimit 
fliecomponentstMybeheldinplacemech^ically. For example, sctews, posts 
canttlevers, matching indentations, etc. maybe «3ed to mechanicaHy hold the chip (ora 
^^n thereof,. getKer. In other embodiment. *e two component of *e ohip may be 
jo,n«l,ogeth=rus,agtechm,uessuchas,b«„ot limited to, heat-sealing methods (e g or 
mo^componentsofthechipmaybehaatedtoa tempe^twe g^ate, than th= glass 
~ tempe^m. or the melting tempe«„« of d,e component befb. being joined to 
od,=r components), or sonioweldi„g,eohni„.sCe.g.. vibration energy such^s sound 
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energy may be applied to one or more components of the chip), allowing the components to 
at least partially liquefy or soften). 

In one embodiment, two components of the chip may be fastened via a heat-sealing 
method. For example, one or more components of the chip nnay be heated to a temper-ature 
greater than the glass transition temperature or the melting temperature of the component 
(i.e., temperatures at which the component softens or begins to liquefy). The components 
can be placed in contact with eaoh other and allowed to cool to below the glass transition 
temperature or the melting temperature, thus allowing the connponents to become fastened 
together. ' 

In another embodiment, t±ie two components can be fastened via sonic welding 

techniques.- As one-example, vibration energy (e.g., sound eri.ergy) may be applied to one or 

more components of the chip. The applied vibration energy clauses the component(s), or at 

least a portion of the component(s), to at least partially liquef^^ or soften. The components 

« 

can then be placed together. The vibration energy may then be stopped, thus allowing the 
components to become fastened together. In some cases, the components may be designed 
such that the vibration energy is able to be concentrated into certain regions of the 
component (an "energy director" region), such that only the e jiergy director region of the 
component is able to liquefy under the influence of the vibration energy. For example^ as 
shown in Fig. 4A (side) and Fig. 4B (top), a side view of a coomponent 75 of the chip is 
illustrated, showing energy director region 73. When vibratic>n energy is applied to 
component 75, a substantial fraction of the energy can be con<:entrated in the energy 
director region 73, allowing at least a portion of energy director 73 to soften or liquefy , The 
softened and/or liquefied region may then be connected to ottaer components of the chip" and 
allowed to harden, thus allowing two components of the chip to be fastened together, for 
instance, as is shown in Fig. 4C, Avhere component 75 has bee^n fastened to component 77. 

In another set of embodiments, two or more components of the chip may be joiaied 
using an adhesive material. As used herein, an "a:dhesive material" is given its ordinar^^ 
meaning as used in the art, i.e., an auxiliary material able to fasten or join two other 
materials together. Non-limiting examples of adhesive materials suitable for use with "the 
invention include silicone adhesives such as pressure-sensitive silicone adhesives, 
neoprene-based adhesives, and latex-based adhesives. The adhesive may be applied to^ one 
or more components of the chip using any suitable method, for example, by applying ttie 
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adhes.«,oacompcne„.offl.e ohipasali,uid orasa..„,i-soIid materia, .uchasa 
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1 -red). Tire component eaa to be contacted toge>her v«Unn«,ee„virom„e„,a„<l 
*w.a .0 ftstea together, for exampie. w,.„ a,e e„vir„n,„ent (including re"." 
^noved. As one speciflcexa„,p,e, two polycarbonate co.„po„e„ts of a hi ITl 

nve„e,onmaybe^tenedt„ge«,eriname.hyienech,oHd.enviromnen,. Teltple a 
*™ layer of a soivent. i.e. „..xy,ene chloride or«,e li., ™ay beapplied to a surftTe T^e 
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such .H T -"^«ed and ar^n^ed 

«h that one or more reaction sites can be defmed. a. Iea.t,. in par, by two or .ore 

oon,por.en.sfaste„edtoge«.rasp.vio„s,ydescribed(i.e, wi«, or „ thout 1 alesive) In 

"'^"-----"-■^-^^-•-rot^:; e ' 

«mct one or mot. ^C,.es defining the ,«.tio„ sit., and this can be adv»,a,=ous 
co^e, an adhestve may be used elsewhe. in the chip, for example, in other reaction sites 
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Similarly, in certain cases, a reaction site may be constructed using adhesive mateirials, such 
that at least a portion of the adhesive material used to construct the reaction site remains 
within the chip such that it is adjacent to or otherwise renxains in contact with one or more 
surfaces defining the reactioa site. Of course, other components of the chip may be 
constructed without the use of adhesive materials, as previously discussed. 

Referring now to Fig. 2, one example of a microfliiidic chip 40 of the invention is 
shown. Chip 40 includes four general units, including a mixing unit 42, heating/di spersion 
unit 44, reaction site 46, and separation unit 48. One or more sensors, processors, ^nd/or 
actuators (not shovra) can optionally be included in sensiog or actuating communioation 
with the chip, respectively. "Sensing communication" and "actuating communication," as 
used herein, means that a sensor or actuator, respectively, is positioned anywhere ijn 
association with the chip suchi that the enviromnent of the reaction site and/or tlie eContent of 
the reaction site<can be determined and/or controlled. A sensor or actuator can be included 
within the chip, for example embedded within or integrally connected to the reaction site, 
positioned within or on the cfciip, or positioned remotely from the chip but with phy^sical, 
electrical, and/or optical comxection with the reaction site so as to be able to sense or actuate 
a factor within the reaction site. For example, a sensor may be free of any physical 
conn.ection with a chip, but may be positioned so as to detect the results of interaction of 
electromagnetic radiation, such as infrared, ultraviolet, or visible light, which has been 
directed toward a reaction sit© and has passed through the site or has been reflected or 
diffiracted by the site. As another example, a sensor may be positioned on or within a chip, 
and may sense activity at a reaction site by being connected optically to the reactioji site via 
a waveguide. The chip can be similarly directly or indirectly connected to a network or a 
control system for overall con.trol of detection and actuation. Sensing and actuating 
commimication can also be provided where the reaction site is in communication with a 
sensor or actuator fluidly, optically or visually, thermally, pneumatically, electronically, or 
the lilce, so as to be able to sense a condition of the reaction site and/or the content of the 
site. As one example, the sensor may be positioned dowa stream of one of the outlets, or 
behind a membrane or a transparent cover separating the reaction site from the sensor. 
Additional discussion of sensing and actuating arrangements is provided below. 

Fig. 5 illustrates anotlier embodiment of the invention. Fig. 5 A illustrates a. top view 
and Fig. 5B illustrates a side view of chip 105. In this emlDodiment, chip 105 is composed 



-30. 



of three layers of materiaL namelv ton lav^r u - . 

~. Chip ,0, „^ w „ ^'27] r ""'^ 

5 has one or „,or. void s»ces I ^7 ^ ^''^ >»X- > 

n....aco™::::::— 

Upper laver inn tor example through upper layer 100. 

6 ai.iionsHe(^s^ .ll2. lnsoniecases,upnerIavpr mn, u 
or U,„id. for exaorp,, ^.^^^^^ ^ ^ ^^^I^ZZ ' 
-penetatethroughupoeHavorinfl = • ^^ait .s allowed to permeate or 

— ie,a.eo.z:::~'-7^='^'"™"*-»"»---^ 
.axerioo.a..po.«:^Hirrp„:~;~ 

~yp„.,Mewi«™area3„„able a c 1 

a.so.es„...,au.^3pa.„.or.™.n^ r^l^J^-J-'^- 

used .o tai«a.e a««|„„ or aciv^e aprocea;,r^1ir* 

upperla,erlOO.a...r.ed^.a;, J:;r:!~::- ^ 
permeate across. In certaiT, incto gaseous pH-alterm^ agent to 

-If-^eallng. i.e. ft ~ ^ 

=hape after su^hp^eZ^r 2 ~ " « 
n penenatioii. For example, upper layer 100 mav be fnr^^A f 

miaaie layer 1 15 includes four void soarpQ m tu^ ^. j- 

Of cou.e,i„o*ere™Mi„e.,.,_: ~ ;r:lT'" ""^^^ 
layer 115. In .he e„bodtae„. i,l„^a,ed 1„ Pig ;''f'^'^''^^'-->'^'^^m. 

with upper layer 100 a„. ,o^., , J " " '' ^""^ 

ofl'ig.5.*erearefo„_«„„ I '"Jf"" *"«bodi„e„t 

other e,„hodi.,e«s of fte i~ T '^'^ ^"""'^ ^ 

ine lavention, more or fewer oredetprm^r,^^ 

■-«o» *-ay each be the sa„,e or diSe^r^r T"''' ™' ™^ 

™^''^---^-«--~a„dbastwofl«in i:: nr*°^^^ 

^nanneis 117 m communication 



with the void space. Of coiirse, in other embodiments of the invention, there may be more 
or fewer channels running throughout the chip. la the embodiment of Fig. 5, fluid channel 
1 16 is connected to port 1 1 8 in layer 115, and fluid channel 1 17 is connected to port 1 14 in 
layer 1 15; in other embodiments, of course, fluid ohannels 116 and 118 may fluidly connect 
one or more reaction sites to each other, to one or more fluid ports, and/or to one or more 
other components within cttip 105. Ports 1 14 andA or 1 18 may be used to introduce or 
withdraw fluids or other substances from the reactor in some cases. In some embodiments 
of the invention, reaction site 1 12 and/or one or more fluidic channels may be? defined, for 
example, in one or more layers of the chip, for exaonple, solely within one lay^er, at a 
junction between two layers, in a void space that spans three layers, etc. 

Ports 114 and 118 may be in fluid communication with orie or more reaction site(s) 
1 12. Ports 1 14 and 1 18 may be accessible, in some cases, by inserting a needle or other 
mechanical device through upper layer 100. For example, in some cases, lipp er layer 100 
may be penetrated, or a space in upper layer 100 may pemiit external access to ports 1 14 
and/or 118. In some cases, upper layer 100 may be composed of a flexible or elastomeric 
material, which may be self-sealing in some cases. In certain instances, upper* layer 100 
may have a passage formed therein that allows direct or indirect access to ports 114 and/or 
1 18, or ports 114 and/or 118 may be formed in upper layer 100 and connected, to chaimels 
116 and 117 through channels defined within layer 100. 

Lower layer 1 10 forms the bottom of chip X05, as illustrated in Fig. 5. As 
previously described, parts of lower layer 1 10 in part may define reaction site 1 12 in certain 
instances. In some cases, lower layer 110 may be formed of a relatively hard or rigid 
material, which may give relatively rigid structural support to chip 105. Of course, in other 
embodiments, lower layer 110 may be formed of a flexible or elastomeric material (i.e., 
non-rigid). In some cases, lower layer 110 may contain one or more channels defined 
therein and/or one or more ports defined therein. In some cases, material defining a 
boundary of the reaction site, such as lower layer 1 10 (or upper layer 100), may contain 
salts and/or other materials, for example, in cases where the materials are reacted in some 
fashion to produce an agent that is allowed to be transported to or proximate reaction site 
1 12. The agent may be any agent as previously discussed, for instance, a gas, a liquid, an 
acid, a base, a tracer compound, a small molecule C^-g-j a molecule with a molecular weight 
of less than about 1000 Da — 1500 Da), a drug, a protein, or the like, and transport may 
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occur by any suitable mechanism, for example, diffusion (natural or facilitated) or 
percolation. In one embodiment, the agent is produced by a thermal decomposition reaction 
that may be externally initiated, for example, using electric current or light Ce.g., with . 
laser). In certain other cases, material defining a boundary of the reaction site, such as 
lower layer 1 10 crupper layer 100, may contaia one or more reservoirs of agents tliat u 
not in fluidic contact with reaction site 1 12, but -^here the agents may betraaxsported to or 
proximate the reactioxx site, for example, by crea^ting at least one fluidic connection between 
a reservoir and a reaction site. The transport m^y be externally controlled ox driven in some 
cases, e.g., using an electric or magnetic field to direct fluid movement. Of<.ourse instill 
other cases, lower layer- 1-LO and/or upper layer 1 00 may not contain any agents or other 
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reservoirs. 



It should be uixderstood that the chips and reactors of the present invention may have 
a wide variety of different configurations. For example, the chip may be forced from a 
smgle material, or the chip may contain more than one type of reactor, reservoir and/or 
agent. In some cases, the chip may contain more than one system able to altrer one or more 
enviromnental factor(s) within one or more reaction sites within the chip. For example tl.e 
chip may contain a sealed reservoir and an uppex layer that a non-pH-neutral gas is able to 
permeate across. 

Chips of the inA^erition can be constructed and arranged so as to be able to detect or 
determine one or more environmental conditions associated with a reaction site of the 
reactor, for example, using a sensor. In some ca.ses, each reaction site may be 
independently detemiixied. Detection of the enviromnental condition may occur, for 
example, bymeansofasensorwhichmaybepositionedwitliinthereaction site or 
positioned proximate the reaction site, Repositioned such that tlie sensor is in ' 
communication with the reaction site in some mamier. In some.cases, such detection may 
occur m real-time. The sensor may be, for exan^ple, a pH sensor, an optiona.1 sensor an 
oxygen sensor, a sensor able to detect tlie concentration of a substance, or the like Other 
examples of sensors are further described below. The sensor may be embedded and 
mtegrally connected ^^.ith the chip (e.g., within ^ component defining at least a portion of 
the reaction site a channel in fluidic communication with the reaction site, etzc.) or separate 
from the chip in some oases (e.g., within sensing conmmnication). Also. the. sensor may be 
mtegrally connected to or separate from the reaction site in certain embodim.ents 
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As used herein, an "environmental factor" or an "environmental condition'^' is a 
detectable and/or measurable condition (e.g., by a sensor) of the environment witbain and/or 
associated with a reaction site, such as the temperatuire or pressure. The factor or -condition 
may be detected and/or measured within the reaction site, and/or at a location proximate to 

5 the reaction site (e.g., upstream or downstream of the? reaction site) such that the 

environmental condition within the reaction site is kn.own and/or controlled. For example, 
the environmental factor may be the concentration of a gas or a dissolved gas witlii.in the 
reaction site or associated w^ith the reaction site (for example, upstream or downsttream of 
the reaction site, separated JSrom the reaction site by a, membrane, etc.). The gas m^ay be, for 

10 example, oxygen,. nitrogen, Avater (i.e., tlie relative hixmidity), CO2, or the like. Tl:te 
environmental factor- may also be a concentration of a substance in some cases. F"or 
example, the environmental factor may be an aggregate quantity, such as molarity^ 
osmolarity, salinity, total ion concentration, pH, coloir, optical density, or the like. The 
concentration may also be ttie concentration of one otr more compounds present within the 

15 reaction site, for example, an ion concentration such as sodium, potassium, calcium, iron or 
chloride ions; or a concentration of a biologically active compound, such as a protein, a 
lipid, or a carbohydrate source (e.g., a sugar) such as glucose, glutamine, pyruvate^ apatite, 
an amino acid or an oligopeptide, a vitamin, a hormone, an enzyme, a protein, a growth 
factor, a serum, or the like. In some embodiments, th<e substance within the reaction site 

20 raay include one or more metabolic indicators, for example, as would be found in imedia, or 
as produced as a waste products from cells. If cells atre present, the sensor may als o be a 
sensor for determining all viability, cell density, cell motility, cell differentiation, cr^ell 
production (e.g., of proteins, lipids, small molecules, drugs, etc.), etc. 

The envirormiental factor may also be a fluid property of a fluid within the oreaction 

25 site, such as the pressure, the viscosity, the turbidity, the shear rate, the degree of agitation, 
or the flowrate of the fluid. The fluid may be, for instance, a liquid or a gas. In on« set of 
embodiments, the environmental factor is an electrical state, for example, tlie charge, 
current, voltage, electric field strength, or resistivity ox conductivity of the fluid or another 
substance within the reaction site. Li one set of embodiments, the environmental condition 

30 is temperature or pressure. In certain embodiments, tbie sensor may be a ratiometrio sensor, 
i.e., a sensor able to determine a difference or ratio be'tween two (or more) signals, e.g., a 
measurement and a control signal, two measurements,, etc. 



■34 



Non-lm,M„g examples of sensor, useful in fte invention, include dye-based 
d...eu syslen^ ^^^^^ „Ue™6brioa.ed gn.vtae.lo au^>,e. 

CCDca»e^.opaoaldete«o„„p«calmic,o3Copysys.e™s,eIe*icalsys.en. ' 
*e™ooo„p,esa„dfte™s.o.,p.ssu..e„sors.e.o.Tl„»„fo«ii„a^ 
beab .o lde„«^o*erse„..f„.„sei.*eluveu«ou. F.e«onese.!; 
etnt:"'"" """""^ aseusoreempHslngoueo. .ore de.ee.Me .e„lea. 
dye.), fluo^scen, .oleeule, e.. One or „ore dyes, or flu„re=oe„. „r otoomogeui, 
molecules .ensmve ,o a specific envi,.uu.emal co„di,io„(.) „.y be chosen by ftose of ' 
2-.*Ulin,eartKon-,i^«.gc.^,,.,,„,,,^^„^^__^^^ 

mol.,es .nclude pH-se„si«ve dye. such as phenol red. Wftynrol blue, chloropjr 
red. fluorescein, Hm, 5(6)-oarbox^.2-.7--d,„,e«,oxyfluoresc.i„ SNARF Ind 

phe„oMein,dyessensi«ve.„calci™suchasPura-2andlndo-l;dyes^^^^^^ . , 
d,s^l»doxyge„^chas.r,s(4,4.-diphenyl.2.2'.bipy,idine)™«.enium(n)chloride ■ 

~::f:vrr'°^^»'-''^°^^ acids, suchas 

BODIPY530.bbeledglycerophosphoetooIamine;dyessensi.ive,opro.einssuch=s4- 

NBT/BCIP (sensrnve to eemin enzymes,. Tb- fiom TbCl, (se„siUve ,o certain calcta- 
^nd,„gpro.ems,BOD,PVPLphal,acidin(sensi«ve.oa.,, <,r BOCai.:N PL (sel.^ 
occrta™ pemcuiin-bindteg p„.in3). dyes sensifive ,0 eonceatra^on Of glucose. 

ayes s^^r^rve to pro«ns. angles, or otter cellular produce, such as ca^^^^^^ 
ethidiam bromide, or resazurm (sensitive to viabiUty), 

'"°""">'«'ta-^*e''yecrfluorescen.„oleculema^beinm,obilizedwittino.e 
or mo. wa^^s wiUrin d,e chip. .... „i«,i„ „„„ 

ano^eren.bodimen,«,edyeor,luorescen.moleculemaybei„„obilizedwitti„at 
posmoned w.ftin«,echip.forexamp,e.influidcommunica.io=v,ift*e.^«„nsi^ In 
ye. ano^er embodiment tte dye or fluoreseen. molecule may be dissolved in a for 
xample. *a. ,s p^d tttough «,e reacto si.. The dye or fl^orescen. molecuie may IL 
arespo.se — P-PorHonaito ava,ueofoneormo.eenva_,ftctors Jo 
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other variable(s) of interest. The response may be measured, e.g., as a fluorescent signal, an 
absorbance signal, a wavelengtli or frequency, etc. A reactor and/or reaction site within a- 
chip may be coupled to a light delivery and/or other light interacting component(s). For 
example, the light-interacting component may include a detection system where light (e.g:., 
having a predetermined wavelength.) arising from a dye, a fluorescent molecule, etc., may- 
be detected and/or measured, 

Th.e sensor can include a colorimetric detection system, in some cases, which may -be 
external to tlie chip, or microfabricated into the chip in certain, cases. In one embodiment-, 
the colorimetric detection system can be external to the chip, but optically coupled to the 
reaction site, for.example, using fiber optics or other light-intexacting components that may 
be embedded in- the chip (e.g., such as those described below)^ As an example of a 
colorimetric detection system, if a dye or a fluorescent molecvtle is used, the colorimetric 
deitection system may be able to detect a change or shift in the frequency and/or intensity of 
the dye or fluorescent molecule in response to a change or shift in one or more 
environmental factors within a reaction site. As a specific exaanple, Ocean Optics Inc. " 
(Dunedin P.O.) provides fiber optic probes and spectrometers dfor the measurement of pH 
and dissolved oxygen concentration. 

In some aspects of the inveixtion, any of the above-described chips may be 
constructed and arranged such that the chip, or a portion thereof, such as one or more 
reaction sites, is able to respond to a. change in an environmental condition within or 
associated with a reaction site, for example, by use of a control system. In some cases, ea^ch 
reaction site within the chip may be independently controlled in some fashion. As used 
herein, a control system" is a system able to detect and/or measure one or more 
environmental factors within or associated with the reaction site, and cause a response or a 
change in the environmental conditions within or associated w^ith the reaction site (for 
instance, to maintain an environmental condition at a certain v^lue). In some cases, tlie 
control system may control the enviromnental factor in real tuxie. The response produced 
by the control system may be based on the environmental factor in certain cases. An 
"active" control system, as used herein, is a system able to cau-se a change in an 
environmental factor associated with a reaction site as a direct response to a measurement of 
the environmental condition. The active control system may provide an agent that can be 
delivered, or released from the reaction, where the agent is controlled in response to a 
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s«sorable ,odetomi„eaco,idi«o„ associated »i«,fte reaction sHe.A"pa3sive"eoBW 
^err, as used herein. , a systen, abie to .ataain or c.„s« a Cange in an envin„llt 

c™d.t,onor«.e^c«o„si.wi«.ou.re,„iHnga„easure„.e«ofane„vironn.=^^^ 
Tl^epass,vecon.rolsys.™n.ayc„„^,«,eenv,ron,ne«a. factor wiftin the .ac«oo site ' 
b.„o,„ecessari„in,.p»..,„._,„„_, ^e passive con., 

n.aya„„w an agentto enter o. exit fcereactionsitewiftou. active conhoi. For example" 

^^.veconti.,sys.e„„.a,i„ciudeano^,e„.ne™W.„d/orawater„^^^^^^ 

n.mb™e.whe,eti>e.ne,nbra.eca„„a,n,«ntheoxyge.^d/or the water vapor oo.te^^ 
wmu. ti,e reaction site, to, in^tanc. „iti^ cer,ata predete^ined limits. T.e conlT 

syst«.„ay be abie to c«W;oneor„o.conditionswi*i. or associated withdre^actton 

s.«o.a,,y.engti.oftir„e.fe.,e^p,,,day.:.ce,c,-30aays,.0aays,,o;r,^^^^ 
mdeflmtely in some cases. "^JM year, or 

The contml system carx include a namber of contml elements, for exampte a. sensor 
opera.ve,yco™,ec.ed«,aoa.^,.,3„,„„,^^^_^^^_^2^^^^^^ 

components of the contro, system may be integraUy connected to the chip cont.„i„ 
reacnon srte. or s^ate ftom the chip. In some cases. d.e oontro, system incindes 
omponents that are in,e,ai to tire chip and other components that are separate ^ 

ohrp. ™=-'nPonen.smayb=withinorpro>dmatetothereactionsite(e.g..up.trea«or 
do^stream of ti. reaction site, etc., Of conrse. in some eanbodiment. L ZZ syL 

«demoreti.anoneser,sor.,ocessor.a„d/oraotr^^^^ 

a^ tHe en_.a, ftc.„r(s3 .o be detected, measured, and/or controlled. One eLp,, 
o a contro, system is depicted in Fig. 5. in which an envh^^renta, condition 50 withZ 
ch,p 105..a«ectedbyase„sor is transduced into a sign., 5, that is t^nsmitted ,1 
roeessor54fors„iteb,eproc«ssing. P— 54 tiren proCuces a signal 53 whrtrisscn. 
.actuator 56 wheretiresigaaLisconvertedhrtoarespoase U.sol^Zt^L:Z 
control system may be able to produce a very ..pid change in the enviromnental i! 
.espor^se to a stimulus or a change in stimulus (for example, a d«ectab,e change ! 1 

envrronmentalfectorsuchastemperatureorpHinatimeoflessti^rSs lessL , 
thanlOOms,Iessflun,Oms.orlessthanlms). ^ =. less than I s.less 

able ,„ ^>~' ora "microproces.r.. is any component or device 

a le .o reoerve a srgnal <m™ one or more sensors, store the .ignal. and/or conven ^ sL 

..ooneormorer^ponsesfor cneor,„oreact„ator.for example. by usingamatheJar, 
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formula or an electronic or computational circuit. In one embodiment, the processor may be 
an expert system. The signal may be any suitable signal indicative of the environmental 
factor determined by the sensor, for example a pneumatic signal, an electronic signal, an 
optical signal, amectianical signal, etc. Processor 54 may be any device suitable for 
determining a response to the signal, for example, a mechanical device or an electronic 
device such as a semiconductor chip. The processor may be embedded andL integrally 
connected with the reaction site or chip, or separate from the reaction site or chip, 
depending on the application. In one embodiment, the processor is prograxnmed with a 
process control algorithm, which can, for example, take an incoming signa_l from a sensor 
and convert the signal into a suitable output for aoi actuator. Any suitable algorithm(s) may 
be used within processor 54, for example, aPID control system, a feedbaclc or feedforward 
system, a fuzzy logic control system etc. The processor may be programirxed or otheiwise 
designed to control aix environmental condition within the reaction site, for- example, by 
manipulation of an actuator. 

For example, ui one embodiment, processor 54 is able to maintain one or more 
environmental conditions (e.g., temperature or pressure) at a constant, precietermined level 
within a predetermmed reaction site of a chip, for example, to facilitate a cliemical reaction 
therein. In another embodiment, processor 54 is able to alter one or more environmental 
conditions within one or more predetermmed reaction sites of a chip accorcding to a 
predetermined pattern-, or in response to a specific condition; for example, the processor 
may cause the actuator to raise the pH withm a predetermined reaction site at a certain rate, 
the processor may caase the actuator to alter the pH of a predetermined rea,ction site once a 
_ specific temperature ox other enviromnental condition has been reached, or the processor 
may cause the actuator to allow or prevent, or increase or decrease, the flow of a substance 
or an agent into a predetermined reaction site. In some embodiments, processor 54 is able 
to control several environmental conditions within a predetermined reaction site, for 
example, at least two, three, four, five, six, seven or more conditions, preferably 
simultaneously or nearly simultaneously depending on the application and t±ie degree of 
control that is desired. For example, processor 54- may be in communication with one or 
more sensors and/or one or more actuators. 

In certain embodiments, processor 54 may^ be programmed or designed to maintain 
one or more environmental conditions within one or more reaction sites. For example, 
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processor 54 may be programmed or designed to maintain one or more environmental 
conditions witl.in three reaction sites, within seven reaction sites, within ten reaction sites 
etc. For example, where there are a pluraUty of reaction sites, one subset of reactions site' 
may be held at one temperature, while a different subset of reaction sites may be held at a 
different temperature. As another example, one subset of reaction sites irnay have a first 
compound added thereto, while a second subset reaction sites may have a different 
compound added thereto. Combinations of subsets may also be used, fox example, different 
subsets having different chemicals, temperatures, or the like. Thus, maa^^ different 
envhromnental conditions may be shnultaneously controlled at different values within one 
chip. In some cases, the. patterii of control and monitoring of the reaction sites may be 
altered in tune, i.e., during an experiment. Thus, for instance, two reaction sites -that were . 
momtored and/or controlled simultaneously at a first point in time may be separately 
monitored and/or controDed at a second point ira time. The control and monitoring may be 
preset, automated, or manually determined. 

In one set of exxxbodiments, processor 54- may be programmed or designed to 

maintain conditions suitable for supporting the metabolism or growth of a cell (eg a 
bacterial or a mammalian cell). For example, pxocessor 54 may be able to control one or 
more of the temperature, relative humidity, pressure, oxygen concentration, CO, 
concentration, serum concentration, nutrient concentration, shear rate, or the pH within the 
reaction sites of the cWp. Other envb-omnental factors suitable for supporting cell growth 
are further described below. 

As used herein, an "actuator" is a device able to affect the enviromnent within or 
proxmiate to one or more reaction sites, or in an. inlet or outlet in fluid communication with 
one or more reaction sites (e.g., as in channels 116 and I17inFig.5A). The actuator may 
be separate from, or iritegrally connected to the reaction site or chip. For- example, m some 
embodmients, the actuator may include a valve or a pmnp (including miorovalves and 
micropumps) able to control, alter, and/or prevent the flow of a substance or agent into or 
out ofthe reaction site, for example, a chemical solution, a buffering solution (e g apH 
buffering solution), a gas such as CO, or O,, a nutrient solution, a saline solution, an acid a 
base, a solution containing a carbon source, a nitrogen source, an inhibitor, a promoter a 
hormone, a growth factor, an inducer, etc. The substance to be transported will depend on 
the specific application. In some cases, the pump may be external 'of the chip. As one 
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example, the actuator may selectively open a valve that allows CO2 or O2 to enter tlie 
reaction site. In other cases, the pump may be internal of the chip. For example, the pump 
may be a piezoelectric pximp or a mechanically-activated pump (e.g., activateci by pressure, 
electrical stimulation, etc.). In one embodiment, the^ pump is activated by producing a gas 
within the chip, which iriay cause fluid flow within the chip; as examples, the ^as may be 
produced by directing light such as laser light at a re^actant to start a gas-prodo-cing reaction, 
or the gas may be produced by applying an electric current to a reactant (for irtstance, an 
electric current may be applied to water to produce gas). As another example^ the actuator 
may include a pumping system that can create a fluid connection with a reaction site as 
necessary. In one particular example, a chip having a gas-permeable service may be placed 
in an incubator or other enclosed enviroimient, and t3he atmosphere within the incubator or 
other envhonment may be controlled, thereby controlling the environmental conditions 
within the reaction sites. 

As yet another example, the actuator may include a heating element or a cooling 
element, such as a heat e:xchanger (e.g., as shown in Fig. 2), a resistive heater or a Peltier 
cooler. In other embodiments, the actuator may include an electrical system, such as an 
electrical system that maintains a steady current, or a steady electric field gradient within 
the reaction site. In yet another example where at least two fluid streams entetr or leave a 
reaction site, the actuator may include a valve or a piamp that is able to control the ratio of 
flowrates between the tvv^o fluid streams. For instance, the actuator, in response to a signal, 
may act to increase an inlet flowrate and decrease ani outlet flowrate within the reaction site. 

In one set of embodiments, the actuator may include an energy source, such as an 
electromagnetic energy source, a heat source, ameclianical energy source, or an ultrasound 
source. In some embodiments, the electromagnetic iradiation may have wavelengths or 
frequencies in the optical or visual range (e.g., having a wavelength of betweejn about 400 
nm and about 700 nm), infi-ared wavelengths (e.g., having a wavelength of betrween about 
300 nm and 700 nm), ultraviolet wavelengths (e.g., hiaving a wavelength of between about 
400 run and about 10 nm), or the like. In some cases, the light may cover a range of 
firequencies, for example^ between about 350 nm anci about 1000 irni, between about 300 nm 
and about 500 nm, between about 500 nm and about 1 nm, between about 400 nm and about 
700 nm, between about 6O0 run and about 1000 nm, or between about 500 nm and about 50 
run. In other cases, the light may be monochromatio (i.e., having a single freqiaency or a 
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narrow frequency distribution), for example, a freciiiency that is commonly pro^iuced by 
commercial lasers, or a frequency that a fluoi^scea.! agent is excited at. For ex^ple, the 
frequency may be a frequency Hiat is centered aro^xnd 366 nm, 405 mn, 436 nit», 546 nm 
578mn,457mn,488nni, 514mn, 532nm, 543nnn, 594nm, 633 nm, 568nm. or647nm 
The monochromatic beam of light may have anarrow distribution of frequencies For 
example, 90% or 95% of the fi-equencies may be ^ithm ±5 mn or ±3 mn of the average 
frequency. In certain cases, the light may be polarized (e.g., linearly or circular-ly), or^more 
than one wavelength oflight may be used, for exat«ple, serially or simultaneoa sly. In some 
embodmients, a light-interacting component may a..lter the wavelength oflight ^itlnn the 
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& another embodiment, the actuator may be constructed and arranged to selectively 
kill or deactivate specific cells or types of cells, preferably without affectingne^by or 
adjacent cells. For example, the actuator may inclcide an energy source directed 
substantially at the reaction site, or at an inlet or outlet in fluid communication ->vith the 
reaction site; on detectidn of a specific cell or cell iype by the sensor, the actua.tor may 
target the cell, for example, by directing energy at the cell, killing the cell or otherwise 
deactivating it in some fashion (e.g., by damaging its DNA enough to prevent replication) 
The energy targeted towaxds the cell may be any eoergy able to deactivate the c=ell, for 
example, electromagnetic or ionizing radiation, ultrasound, or heat energy. 

In one set of embodiments, the chip is constructed and arranged to contr-ol an 
enviromnental factor asso ciated with a reaction site by transporting an agent abHe to affect 
the enviromnental factor, or a precursor of an agent that is able to affect the factor into or 
proxmiate the reaction site (i.e., such that it affects the enviromnental factor wit±in the 
reaction site). Gontrolof the delivery ofthe agent Cor precursor) to the reaction, site, in 
certam instances, may be used to control the environmental factor. 

In another set of embodiments, an enviromraental factor withm or associated with the 
reaction site may be altered and/or controll6d -without directly contacting the reaction site to 
an agent, e.g., an external or unsterilized agent, suci as a liquid or a gas. For example the 
reaction site may contain a biological specimen or a substance for use in a biological setting 
where sterility and/or isolation is required; or the reaction site may contain a reaction that is 
sensitive to, e.g., liquids or pH changes, for example, a water-sensitive reaction which must 
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be performed in a non-humid environment, where d.irect contact between the age:iit and, the 
reaction site would be present difficulties. 

In one set of embodiments, the chip may be constructed and arranged to allow an 
agent to permeate or diffuse into the reaction site, Por instance, the reaction site may be 
defined, at least in part, by a component such as a w^all or a layer of the chip, through which 
an agent is able to permeate. The agent may be able to alter and/or control one ox more of 
the environmental factors Avithin or associated with the reaction site. For instance, the 
component may include a membrane, such as an osmotic membrane or a semipeirmeable 
membrane (e.g., with respect to the agent) that the argent is able to permeate across. In some 
cases, the component niay be chemically or physica-lly inert with respect to the agent. In 
ceitain instances, a flow of agent may occur on one side of the component. In some 
embodiments, the flow of agent on one side of the o omponent may occur along a_ 
meandering or non-straigh.t pathway, for example, to increase the time of contact: between 
the agent and the component. For example, in Fig. 2, if compartment 20 is separated from 
compartment 42 by a mennbrane (not shown) through which an agent is able to permeate, a 
flow of agent may occur along serpentine path 28 1 . 

In one embodimeat, a chemical agent generated elsewhere within the chip may be 
allowed to interact with the reaction site(s) to control the environmental factor(s) therein, or 
one or more fluidic pathways may be created (e.g., opened) within the chip that a_llows an 
agent stored within the chip or external the chip to c^ome into contact with the rea_ction site 
. or otherwise aflfect the reaction site. The agent may be any agent able to alter an<d/or control 
one or more environmental factors within the reaction site. For instance, the agejnt may be a 
non-pH-neutral composition or a pH-altering agent sls previously described. As an example, 
in Fig. 5 A, chip 105 may be constructed to allow an agent to permeate and/or difzfuse into 
the reaction site. For instance, the reaction site may include a component such as a wall 
(e.g., a wall of predetermined reaction site 1 12) or c^ne or more layers of the chip (e.g., 
upper layer 100), through Avhich an agent is able to permeate through to affect the reaction 
site. As another example, the component that the agent is able to penetrate in some fashion 
may include or be defined, by a membrane, such as an osmotic membrane or a 
semipermeable membrane (e.g., semipermeable witli respect to the agent) that the agent is 
able to permeate across. In some cases, the compontent may be chemically or ph3^sically 
inert with respect to the agent; for instance, the component may allow an acidic or an 
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alkaline compound to penneate across to the reaction site without sub^^^^^^^ 
alteringthe component. In certain instances, a flow of agent mar occur on one side of the 
component. In some embodiments, the flow of agent on one side of the component may 
occur along a meandering or non-straiglat pathway, for example, to increase the time of 
5 contact between the agent and the component. 

For instance, in the embodiment of the invention shown in Fig. 7A, chip 205 is 
illustrated having a predetermined reaction site 207 and a pemiea-ble upper layer 220. In 
this example, dispensing unit 228 is positioned proximate the reaotion site such that the 
dispensing unit is able to produce an agent able to permeate towards and interact with 
10 reactionsite 207 within a desired time frame, for example, withia a few seconds or tens of 
. seconds, mmutes, or hours, depending oxi the application. Disperxsing unit 228 may also be 
connected to one or more chemical sources, for example, one or ixiore sources of gases 
and/or pH-altering agents, such as sources 222 and 224 as shown in the illustrative figure. 
As examples, source 222 maybe anacid source and source 224 iraay be an alkaline source, 
15 source222 andsource224mayeachbe acid sources or alkaline s ources. source 222 may be 
a source of cell media and,source 224 laay be a source of glucose or saline, etc. Fig. 7B 
illustrates an expanded view of a droplet 225 containing an agent (e.g., an agent dispensed 
by dispensing unit 228) that has been dispensed onto the surface of chip 205 on upper layer 
220 Inthis figure,aportion226ofdroplet225haspartiallypermeatedthroughlayer220 
20 towards reaction site 207. Over time, permeation region 226 mar expand as the agent 
penetrates upper layer 220 mitil the ageixt comes into contact with, reaction site 207 and 
affecting an environment factor within the reaction site. 

In some embodiments, as shown in Eq. 1. the permeabilit>. (P) of a substrate with 
respect to an agent (e.g., a component or a layer of the chip) may "be expressed as the 
25 volumetric transfer rate of the agent (v) times the thickness (D, per area (a), time (t) and the 
partial presswe difference (p): 

(1) 

P=vT/atp 

30 The thickness of the substrate (T) may be measured in, for example, cm or mm, the time (t) 
in seconds, the pressure (p) in Pa, atm, omHg, or mmHg, the area (a) in cm^ or mm , and the 
volumetric transfer rateoftheagent(v) in cm3,measured at STPCstandard temperature and 
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pressure," referring to a temperature of 273,15 K (0 °C) and a pressure of 101 325 Pa (1 
atm)) or otlxer standardized conditions. The permeability will thus be in units, for example, 
of cm^sTP nxm/cm^ s cmHg). Thus, as one, for example, the substrate may have a 
permeability of at least about 400 x 10"^ (cm^sxp cm/s cm^ cmHg)=. at least about 500 x 10'^ 
(cm^sTP cna/ s cm^ cmHg), at least about 590 x 10"^ (cm^sxp cm/s cm^ cmHg), at least about 
700 x 10'' (cm^sTP om/s cm^ cmHg), or at least about 800 x 10"^ (om^sxp cm/s cm^ cmHg) to 
ammonia, acetic acid, and/or CO2. As one particular example, whiere the substrate is a 
membrane that has a thickness of rougli 100 micrometers, the substrate may have a 
permeability of about 172 mol/day atm to ammonia, a permeability of about 150 
mol/day xa? atm to acetic acid, and/or a permeability of about 150 mol/day m^ atm to CO2. 

As one example, if the environmental factor within or associated with the reaction 
site is pH, then the agent may be a pH- altering agent able to be delivered or transported to 
or proximate the reaction site to control the pH therein. As used hterein, a "pH-altering" 
agent is any agent able to alter the pH of the environment within or associated with the 
reaction site, for example, an acid, a base, or an agent able to react within or proximate the . 
reaction site to form an acid or a base. In some embodiments, the pH-altering agent is inert 
relative to the reaction site, and/or other component(s) of the chip. The pH-altering agent 
may be able to alter the pH of the envirormient within or associate d with the reaction site to 
a significant or a measurable extent, for example, by at least 0.1, 0.2, 0,3, 0.4, 0.5, 0.8, 1, 2, 
or 3 or more pH units, depending on the required sensitivity and the specific application. 
The required pH sensitivity can be readily determined by those of ordinary skill in the art. 
For example, a chemical process that requires a change in pH to initiate a reaction may 
require large pH changes, while a process to regulate the pH of the reaction site near an 
optimum value may require sensitivity to smaller changes in pH. 

As used hei-ein, "acid" is given its ordinaiy definition as used in chemistry. In some 
cases, an acid may have a pH of less th^n about 7, less than 5, less than 4, less than 3, or less- 
than 2 pH units, depending on the streagth of the acid. Similarly, s "base," or an "alkaline" 
is given its ordinary definition as used in the field of chemistry* In some cases, the base or 
alkaline may have a pH of at least about 7, at least about 8, at least about 9, at least about 
1 1, or at least about 12 pH units. A "non-neutral" or a "non-pH-neutral" composition is a 
composition, that is either acidic or basic (i.e., the composition has a pH that is either greater 
than or less than 7, preferably by a sigaificant amount, such as by ^t least 1 or 2 pH units). 
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Tlie non-pH-neutral composition may be a solid, a liquid, or a gas in some cases. As used 
herein, a "gaseous" acid or base is a composition that is in tlie gas phase, or is generally 
volatile (i.e., having a high vapor pressure) and easily enters the gas phase. For example, 
the gaseous acid or base may have a vapor pressure of at least about 300 mmHg, at least 
about 400 mxnHg, at least about 500 inmHg, at least about 600 mniHg, or at least about 70O 
nunHg. Noix-lhniting examples of gaseous acids include acetic acid, formic acid, propionic 
acid, pymvic acid, lactic acid, SO2, CO2, CO, NO2, or butyric aoid; non-limiting examples 
of gaseous bases include ammonia, phiosphine, or arsine. 

In soxne embodiments where a component of the chip (e. g., a layer or a membrane) 
comprises a polymer that a molecule (e.g. a small molecule) is atle to permeate, the 
.polymer may be or include, for example, nylon, polyethylene, polypropylene, 
polycarbonate, polydimethylsiloxane, or copolymers or blends. In another set of 
embodiments, the component may include a polymer substantially impermeable to the agent 
being transported, but the component may be constructed or designed to allow transport of 
the agent to occur, for example, through a region that is porous or contains a number of 
channels. In yet other embodiments, tlie component may be impermeable to the agent beirtg 
transported, but the component may be converted to a permeable form upon the addition 
a permeabilizing agent. As used hereixi, "permeation" and "permeate" refer to any suitable^ 
non-bulk transport process. A non-bulk transport, with respect to a substrate, generally is a 
transport process where substantial convection or bulk flow does not occur within the 
substrate. For example, permeation of the agent may occur through passive diffusion, for 
example, through the bulk material of a component or through pores or other interstices that 
may exist within the component; or the transport may be facilitated or enhanced in some 
manner, for instance, through osmosis., electrodiffiision, electroosmosis, percolation, or 
through the ixse of a permeation"enhan.cing compound within the? component. In some 
embodiments, transport of the agent iiLay be facilitated using an externally-applied field, 
such as an electrical, magnetic, or a centripetal field. 

In some embodiments, the component may be designed to transport an agent 
therethrough within a given period of time or under a certain condition. In these cases, the 
exact thicloiess, density, porosity, tortiaosity, composition, or otker characteristics of the 
component may be detenninable by those of ordinary skill in the art. For example, in some 
cases, the diffusion of the agent across the component may be generally Fickian, and the 
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time it takes ihe agent to diffuse across the component may be determined using Pick's 
Law. In certain cases, transport of the agent across the component may be relatively rapid-, 
for example, in cases where a relatively thin component is used. IFor instance, the 
component may be constmcted such thtat an agent is ti'ansported therethrough in less than 
about 10 minutes, less than about 5 ininutes, less than about 3 minutes, or less than about L 
minute, depending on the application. 

In another set of embodiments, for example, as shown in Fig; 8A, laser 230 directs 
laser beam 232 at compartment 235 of chip 205, for example, to activate a reaction that 
produces an agent able to alter an envrrormiental factor within predetermined reaction site 
207, for instance, pH or concentration. In other embodiments, of course, other forms of 
energy, such as heat or electrical energy,^ may be applied to compartment 234 (or to chip 
205 in general) to activate the agent Aoi expanded view of Fig. 8 A is shown in Fig. 8B. 
Laser beam 232 may be substantially directed towards compartment 235 directly from any 
direction or angle (as shown in Fig. 8), or indirectly, for example, through a waveguide (not 
shown). As shown in Fig. 8, laser beam 232 may optionally pass through one or more other 
layers and or components of chip 205 before reaching compartment 235 (for example, if 
those layers and/or components are substantially transparent). Upon absorption of the 
energy from laser beam 232 by agent-producmg precursor(s) 237 in compartment 235, the 
agent-producing precursor(s) 237 may produce agent 238 in this example. Agent 238 may 
be, in this example, a gas such as a pH-altering gas, for example, ammonium, acetic acid, 
CO, CO2, N2, HCl, etc. Agent 238 then may permeate througli at least a portion of chip* 
205 (for example, within a chaimel, or througli a component and/or a layer of the chip) to 
interact with predetermined reaction site 207. Thus, the controlle<d appUcation of light or 
other energy to compartment 235 may result in the alteration and/or control of an 
environmental factor within predetermined reaction site 207. 

In some embodiments, the environmental factor within the reaction site may be 
altered by generating one or more agertts within the chip, for example, from one or more 
precursors, such as precursor 237 in Fig. SB. The agent(s) may interact with, or alter in 
some way, an enviromnental factor witliin the reaction site, hi one embodiment, the agent 
may be generated within the reaction site. In another embodiment:, the agent may be 
generated elsewhere within the chip and transported to the reaction site in some fashion, for 
instance, fluidically. For example, the chemical agent may be produced and/or stored 
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within a different compartment associated with or external of the: chip (e.g., as in a 
reservoir), then transported to the reaction site, for instance, tlirough a channel or other 
fluidic connection, or by allowing it to permeate or diffiise across a membrane or another 
component. In one embodiment, the agent may be generated in a location proximate the 

5 reaction site, e.g., the agent may be generated in a location where it can be readily 

transfened or transported to the reaction site, for example, within a few seconds or tens oe 
seconds. In another embodunent, the agent may be a gas that is transported to the reaction 
site, for example, through a membrane, or over a barrier that prevents liquid communication 
between the compartment and the reaction site, while non-gaseous products may be 

10 prevented fi-om entering the reaction site. In certaki embodiments of the invention, the 
reaction of the precursor(s) that produces the agent may be exteanally initiated. For 
example, a light source, such as a laser, may be applied to the precursor(s), or other energ^^ 
sources suc^h as electrical current or heat may be used to initiate a reaction of the 
precursor(s). In yet another embodiment, a fluidic connection may be created between the 

15 compartment and the reaction site, for example, reversibly. For instance, the fluidic 
connection may be created by opening a valve such as a mechanical valve or a 
micromechanical valve, etc. separating the compartment and the reaction site. 

In some cases, additional compounds may be combined with the precursor(s) to, for 
example, preserve the precursor(s) against decomposition or degradation, to enhance tlie 

20 ability of the precursor(s) to react (e.g., a catalyst or an enzyme), or to enhance the 

absorption of incident energy onto the precursor(s), for instance, to increase the reaction rate 
of the preciarsor(s) to form an agent. In some embodiments, a material that is able to absoirb 
of incident electromagnetic radiation, such as a darkened or "black" material, may be added 
to the preciarsor(s), for example, to enhance the absorption of energy. Non-limiting 

25 examples of such materials include quartz, black glass, silicon, black sand, carbon blaclc, 
and the like. The additional compounds may be substantially unreactive, unable to form a. 
transportable agent (i.e., transportable through a layer or a component of the chip), or the 
additional compounds may not significantly interfere with the production of the agent or 
with control of an environmental factor associated with the reactron site. 

30 The agent, in certain embodiments, may be produced in a reaction that is activated at 

a certain temperature, such as in a thermal decomposition or degradation reaction. In soin_e 
cases, the reaction to produced the agent may be initiated when ttie precursor(s) is exposecd 
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to at least a certain temperature able to activate the reaction, for exa.mple, a temperature of 
at least about 200 °C, 300 ^'C, 400 or 500 °C. Hie temperature necessary to activate the 
reaction may be produced within the precursor(s) by any suitable te^chnique, for example, 
upon the exposure of light energy, heat^ electrical energy (e.g., resistive heating), an 
exothermic chemical reaction, or the likie to the precursor(s). 

In some embodiments, the agent so produced may be a gas, for example, O25 CO, 
CO2, NO, NO2, HCl, or the like. In some cases, the agent-producing reaction may produce 
one or more gases and/or one or more rxon-gaseous products. In sortie cases, the gaseous 
agent(s) may then be transported into or proximate the reaction site (for example, through a 
membrane or over a barrier), while noa-gasepus products (sucK as liquids or solids) may be 
prevented from entering the reaction site in some fashion. 

The agent, in certain cases, may be a pH-altering agent. In some cases, the pH- 
altering agent may be a base, such as ammonia. The base may be generated by any suitable 
reaction that can generate an alkaline agent, such as through a thernnal decomposition 
reaction of an alkaline precursor salt. For example, ammonia may be generated through the 
thermal decomposition of an annmonium precursor salt such as aminonium nitrate, 
ammonium carbonate, ammonium bicarbonate, ammonium chloride, ammonium bromide, 
ammonium flxioride, or the like. In other cases, the pH-altering agemt may be an acid, such 
as acetic acid or formic acid. The acid may be generated using any suitable reaction that 
can generate an acidic agent, such as the thermal decomposition of an acid precursor salt. 
For instance, acetic acid may be produced by the thermal decomposition of sodium acetate, 
potassium acetate, calcium acetate, lithium acetate, magnesium acetate, or the lilce. 
Similarly, formic acid may be produced by the thermal decomposition of sodium formate, 
potassium formate, calcium formate, litliium formate, magnesium fomiate, etc. In some 
cases, the pH-altering agent may not be an acid or a base, but be in a form that can be 
converted into an acid or a base within tJie chip or within a reaction site. For example, the 
pH-altering agent may react with water to form an acid or a base wi"thin the chip or reaction 
site. As a non-limiting example, a gas sxach as CO2 may react with water to produce 
carbonic acid, e.g.: 

CO2 4- H20 <— > H2CO3 <-> tr" + HCOs' 
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In yet another set of embodiments of the invention, the agent may be presexit in a 
compartment not in fluid communication with the reaction site; when exposure of -the agent 
to the reaction site is desired in order to alter or control an enviromnent factor tlierein is 
desired, a fluidic pathway may be created to enable tlie agent to enter into or otherwise 
interact with the reaction site. For example, a created fluidic pathway may be a n&w 
pathway, i.e., a non-preexisting pathway, or a pathway created in a region that did not 
previously contain a fluidic pathway; or the created fluaidic pathway may be created in a 
region that previously contained a fluidic pathway tha_"t has been altered to prevent fluidic 
communication. In some cases, a new pathway may h>e created within the chip by removing 
or damaging a component of tlie chip, such as a layer, a membrane a wall defining a 
reaction site or a channel in fluidic coimnunication wi'th the reaction site, etc. As ariother 
example, the fluidic pathway may be a closed, pre-exi sting fluidic pathway that can be 
opened and/or modified under certain conditions, for instance, a valve or a switch. In one 
embodiment, the compartment is a sealed compartment, e.g., a compartment without access 
to the external enviroimient and/or the reaction site. In another embodiment, the 
compartment is accessible externally (i.e., through an iilet or an outlet), but is not in fluid 
coanmunication with the reaction site. 

Chips of the invention may include one or more fluid pathways for delivery of 
species or removal of species fi-om a reaction site. In some cases, a fluidic pathwa3^ can be 
created m situ (after construction of the chip, during ctiip setup and/or during use of the 
chip) by permeabilizing or damaging a component separating the compartment from the 
rea.ction site (e.g., as in a wall or a membrane), or separates the compartment from -a fluidic 
pathway in fluid connnunication with the reaction site. For instance, in certain 
encabodiments of the invention, the fluidic pathway or other means for fluidic 
communication may be created by permeabilizing and^or damaging (reversibly or 
irreversibly) a component that separates the compartm ent containing the agent (anci/or agent 
precursor(s)) from fluidic communication with the reaction site, or separates the 
coxnpartment from a channel or other fluidic pathway in fluid communication with the 
reaction site, thus creating a fluidic connection betweeoi the compartment and the reaction 
site. For example, the component may be permeabilized by heating the component to 
increase the permeability of the chemical agent or by clausing the component to melt or 
vaporize, hi some cases, the permeability of the conGiponent may be enhanced by oxie, two. 
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or three or more orders of magnitude. In certain cas es, the permeabiUzation of the 
oomponent may be reversible or at least partially reversible, for example, by d&creasing the 
temperature, or introducing a non-permeabilizing agent. 

The component, in some cases, may also be ciamaged or otherwise altered or 
permeabilized through a reaction, for example, a chemical or electrochemical reaction, to 
produce a fluidic connection with the reaction site. Tor example, the component may 
include a metal, such as gold, silver or copper, that oan be electrolyzed upon the application 
of a suitable electrical current. As yet another example, the component may be^ chemically 
etched, for example, with, a reactive species. 

In still other embodunents, the component as discussed above may be naechanically 
altered and/or damaged, jfor example, by piercing the component with a microaeedle to 
create a fluidic pathway between the compartment aaid the reaction site. The mLicroneedle or 
other mechanical device may originate from within the chip, or externally. In one 
embodiment, the component may be altered on a rev^ersible basis, for example, the 
component may be self-sealing and/or comprised an elastomeric substance that can be 
resealed. 

The component may also be damaged withoiat the use of mechanical forces or 
chemicals in some cases. For example, energy may "be appUed to the surface to damage it. 
En some embodiments, tixe component may be ablatesd, for example, using heat or hght. If . 
light is used, the light may be channeled through a w^aveguide to the surface in some cases, 
or light may be applied directly to the surface. 

The component may include a material able to enhance the creation of tlie fluidic 
pathway in some embodiments of the invention. As examples, the enhancing nr^aterial may 
facilitate the absorption of hght or other forms of energy, or increase the chemical reaction 
or transport rate. For instance, hi one embodiment, the component may compri se a material 
tbat is able to absorb incident electromagnetic radiation, i.e., a darkened or "blaxik" material, 
siach as quartz, black glass; silicon, black sand, carbon black, and the like. As other 
e:xamples, the component may include a catalyst, an enzyme, or a permeation enliancer. 

In one aspect, the present invention is directesd to a chip able to control gases or 
kximidity therein. The present mvention, in some emlDodiments, may allow huiTcidity control 
to be passive and built into a chip that may be used to, for example, conduct chemical or 
biochemical reactions, or culture cells. Li one embodiment, humidity control or* 
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mamtenance may be provided to the chip in the form of a humidity controller ^nd/or a film 
optionally with low water permeability relative to t:he oxygen permeability. As used herein' 
a "humidity contioller" is a device that allows certain gases, such as oxygen o^bon 
dioxide, or nitrogen to enter the chip, but inhibits tfhe passage of water vapor irato the chip 
The humidity controller may allow passage of sma.ll amounts of water vapor into the chip 

but does not allow astrxuchwatervaportoenterth^echip as at least one other gas eg thole 
lasted above. Examples mclude, but are not limited to, membranes and thin filans (e g 
films having a thickness of less than 2 mm). In some embodhnents, the humidity contioUer 
may be positioned as, or in, a wall of the chip, sucH as withm a wall of a reactor unit or 
reaction site. In other embodiments, the humidity controller may be positioned such that it 
xs m fluid communication with one or more reaction .ites. In some embodimeznts, each of 
the reaction sites in the chip may be adjacentto. ar^d/or in fluid communication with a 

humidity controller. la some cases, the humidity c^ontroller may substantially seal at b^^^ 
portion of the chip. 

Humidity controllers of the invention can ixiclude a humidity control m.aterial 
designed to maximize gas and/or mmimize water x^apor passage therethrough The 
humidity control material of the present invention ^ay .How the passage of c^ain desired 
gases, such as oxygen and/or carbon dioxide, while inhibiting the passage of other gases for 
example, water vapor. Hie material of the present invention is suitable for us^ asa 

humidity controller inachip, but is not limited to such uses; rather, the material may be 
ixsed anywhere where water vapor or other specified gases are to be kept in or out while 
allowmg the passage of oxygen and/or other gases. For example, the humidit,. coiitrol 
material of the present invention may be useful in greenhouses or wound dressings 

In one set of embodiments, the humidity control material may include a membrane 

orathinfilmselectedtocontrolthepassageofgasesand/orwatervaportheretrhrough hi 
one embodiment, the humidity controller is a mem W or a thin film having a desired 
permeability to one or more gases. The membrane or thm film may be positioned 

axiywhere in the chipwhere it is able to affect one or more reaction sitesinsonne fashion 
For example, the niembmne or thin fihn may be positioned such that it defines the surface 
of one or more reaction sites. 

In one set of eiabodiments, the membrane or thin film has a thickness of greater than 
about 1 0 micrometers, in some cases greater than about 25 micrometers, in sonne cases 
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greater than about 50 micrometers, in some cases greater than about 75 micrometers, in 
some cases greater than about 100 micrometers, ox in some cases greater thian about 150 
micrometers while still allowing sufficient oxygen transport tlierethrough, for instance, to 
enable cell culture to occur, as fiu ther described h.erein. In sortie cases, a membrane or a 
thin fihn having a thickness of greater than about 50 micrometers may be particularly 
useful, for example, dxxring manufacturing of the ohip. The membrane may have a thicloiess 
of less than 1 or 2 millimeters in some cases. 

In some cases, it may be desired to incorporate the humidity control material into a 
structural aspect of the chip, or to incorporate stru_ctural aspects of the chip into the 
humidity control material. Where the humidity control material is intended to provide or ^ 
supplement support, or will not itself be otherwise^ adequately supported, thie humidity 
control material may also include a support layer. ' A support layer may comprise any 
material or materials that provides desired support:. For example, the support layer may 
include one of the layers that may otherwise be in<:luded in the humidity control material for 
permeability, such as polydimethylsiloxane or poLyfluoroorganic materials^ or the support 
layer may comprise a different material, such as g-lass (for example, PYREIX® glass by 
Coming Glass of Corning, NY; or indium/tin-coated glass), latex, silicon, or the like. The 
support layer may be positioned anywhere witliin the humidity control material, for 
example, as an outer layer or an intermediate layea:, and may be positioned to help protect 
one or more delicate layers. In some embodiment's of the present invention, the use of a 
support layer may allow a large portion, or nearly all of a reaction site, reac:tor, or chip to be 
constructed of the humidity control material. Preferably, the support layer does not 
significantly impact the permeability of the humidity control material, or thie change in 
permeability may be accounted for in the design of the humidity control material. 

Where the chip of the present invention is intended for use with ma-terials, such as 
reactants, that may damage, reduce the function, or otherwise react with or cause the 
humidity control material to deteriorate, the membrane may include a prote;ction layer. The 
protection layer may be positioned as any component of the humidity contirol material, for 
example, as a surface layer, or interposed between a sensitive portion of the humidity 
control material and the material or environment tiliat may adversely affect it. For example, 
the protection layer may be positioned on an mneir surface of the humidity control material, 
particularly where the harmful material is within tLhe chip, or on the outer surface of the 
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humidity control material, particularly where the harmful material is outside the chip. The 
protection layer may also be positioned between otlier layers, so long as it is able to perform 
is protective function. Preferably, the protection la^^er does not significantly mipact the 
permeability of the humidity conti-ol material, or the change in permeability xnay be 
accounted for in the design of the humidity control material. 

As an example, a chip 140 includuig a humidity controller according to one 
embodiment of the present invention is illustrated ixi Fig. 9A. This chip includes a reaction 
site 142, an inlet 144, axi outlet 146, and an inner wall 148. Inner wall 148 is defmed on one 
side by a humidity controller 150. Humidity controller 150, in this embodiment, includes a 
membrane having a first layer 152 and a second lay^er 154. 

. Another embodiment of a chip 140 includintg a humidity controller is illustrated in 
Fig. 9A. In this embodiment, the humidity controller 150 includes a muhi-layer membrane 
that defines a wall of a reaction chamber 142, and also defines a wall of an inlet and of an 
outlet. Li addition to fixst and second layers 152 artd 154, which are provided primarily for 
purposes of providing a desired permeability, this membrane also includes a support layer 
156 positioned between first and second layers 152 154. Other arrangements for the 
permeability-controUiag layer(s) and support layerCs) are possible.. Also pro-vided in chip 
140 in this particular example is a cell adhesion layrcr 158 positioned on inner wall 148 of 
reaction site 142, encowaging cell growth there ancd not in inlet 144 and outlet 146. In other 
embodiments, the cell adhesion layer could extend over more, or all, of the sxu-face of 
humidity controller 150. It should also be apprecia.-ted that the geometry of ohip 140 as 
illustrated in Figs. 9A and 9B is shown by way of illustration only and that nnany other 
arrangements and chip geometry may be useful m particular embodiments. 

In one set of enxbodiments, the humidity comtrol material is selected to have a certain 
permeability and/or a certain penneance. As used Inerein, the "permeability' of a material is 
given its ordinary meaning as used in the art, i.e., an intrinsic property that generally 
describes the ability of a gas to pass through the material. In contrast, as used herein, the 
"permeance" of a material is the actual mte of gas transport through a sample of a material, 
i.e., an extrinsic property. The penneance of a samLple of material is affected by factors 
such as the area or thictmess of the material, the pressure differential across the material, 
etc. For example, in Fig. 1 1, the oxygen permeance of two membranes is shown to be 
dependent on the membrane's thickness. 
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A chip of ttie present invention, in ono set of embodiments, may include a humidity 
control material (e.g., a membrane or a thin film) having a permeability ^o oxygen greater 
than about 3.9x10"^ cmVs, and in some cases greater than about 43x10"^ cm^/s, and/or a 
permeability to water vapor lower than about 1 .7x10"^ cm^/s, and in sonxe cases lower than 
about 1.0x10''' cm^/s. It should be appreciateca tliat, while control of oxygen is used as an 
example herein, othier gases such as nitrogen or carbon dioxide may be c^ontrolled instead, at 
permeabilities as noted above, or a combination of gases may be controlled. It should also 
be appreciated that while, in the example of cells further described below, the lower limit of 
oxygen transfer ancJ the upper limit of water v^por transfer may typically be desired to be 
controlled, in other applications, for example, in a chemical synthesis operation, it may be 
desired to control other parameters, for example, the upper limit of oxygen transfer and 
lower limit of water vapor transfer, or the lower and upper limits of othear gases such as 
nitrogen or carbon dioxide. 

The humidity control material of the piresent invention may be used in a wide variety 
of reactions and interactions. One example of" a reaction is cell culture, for example to 
maintain a cell culture, to mcrease the number of available cells or cell tj/pes, or to produce 
a desirable cellular product. In some cases, the humidity control materia,! may allow 
sufficient oxygen to enter by diffosion therethrough to support cell growth. In certain cases, 
the humidity control material may also be largely impermeable to microorganisms and other 
cells, for example to prevent contamination. Preferably, the material has low toxicity. 

In embodim-ents where the invention is used in connection with cxilturing cells, cell 
culturing may take place over varymg lengths of time, depending on the <:ells being cultured 
and other factors known to those of ordinary skill in the art. Thus, the dessign of tlie chip 
and the nature of the humidity control material may be adapted to the culture time. For 
example, the chip or humidity control material may be designed to allow it to withstand the 
time needed for the culture and is preferably designed to be able to be retased many times. 
In various embodiments, cell cultures maybe performed in 24 hours, 48 liours, 1 week, 2 
weeks, 4 weelcs, 6 weeks, 3 months, 1 year, continuously, or any other tiime required for a 
specific cell culture , 

In some cases, the humidity control ma.terial is selected to have a permeability 
and/or a permeance to one or more gases that corresponds to a range acceptable for 
culturing certain cells. For example, the humidity control material may htave a permeability 
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and/or pemeance to oxygen high enough, and/or a permeabiUty and/or permeance to water 
vapor low enough, to allow cell culturing. Examples of such permeal>ilities uaclude the 
above-described permeabilities. Those of skill in the art will be able to identify specific 
i-anges of penneabilities of certain materials appropriate for successfully culturing particular 
cells and cell lines, as well as larger cellulax groups, such as microbial and maimnalian 
cells, tissues, tissue engineering constructs, etc. 

Thus, in one embodiment, the invention mcludes a method of identifying an oxygen 
requirement and a humidity requirement of certain ceUs, selecting a nxaterial having an 
oxygen permeability high enough to meet the oxygen requirement of the cells and a water 
vaporpenTieability lowenoughtomeetthe humidity i^quirement of the. cells,, and culturing 
the cells machip comprising a reaction site. The reaction site has at least a portion thereof 
formed of the selected material. 

Examples of permeability ranges of a humidity control material for use in the 
invention, for exaxnple for use in culturing a broad range of cells, iaclxxde a pemieability to 
oxygen greater than about 100 (cm^s^ r^ra^ atm day), and a permeability to water vapor 
less than about 6x10^ (cm^s^ ram/m^ atm day). As used herein, «STI>» refers to "standard 
temperature and pressure," refemng to a temperature of 273.15K (0 °C) and a pressure of 
about 10^ Pa (1 atm). hi another embodiment, the humidity control m.aterial may have a 
permeability to water that is less than about 100 (cm^^ mm/m^ atn day) and, in other 
embodiments, less than about 30 (cm^^n. rrxm/m^ atm day) or less thao about 10 (cm V 
mm/m atm day), and an oxygen permeability of at least about 6xlO« Ccm^^ mm/m^ atm 
day), and in some embodiments, at least about IxlO' (cm V mm/m^ atm day), and in other 
embodhnents greater than about 3x10^ icm^r, mm/m^ atm day) or l)clO« (cm V mm/m^ 
atm day). Any combination of oxygen penrxieability and water vapor permeability listed 
herem can be used. For microbial cells, an example of a suitable mig,e of oxygen 
permeability is provided by a membrane having a pemieability to oxygen permeability 
greater than about-lxlO^ (cm^s^ mm/m^ atnn day) and/or a pemieability to water vapor is 
less than about 6xlO« (cm^^ mm/m^ atm day). For mammalian cell., an example suitable 
range is provided by a membrane of the invention having a permeability to oxygen greater 
than about 100 (cm V mm/m^ atm day) aixd a pemieability to water v^apor lower than about 
1x10 (cm STT mm/m^ atm day). 
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For humidity control materials txaving a permeability to oxyg:en and water vapor, in 
certain cases, it is desired that the material have very high oxygen pe^rmeability and very 
low permeability to water vapor, e.g., as is indicated in Fig. 12 by ''g:oar' region 80. For 
example, the material may have an oxygen permeability of greater thaan about 1000 (cm^sxp 
5 micrometer/m^ day atm), in some cases greater than about 10,000 (cm*^sTP micrometer^ 
day atm), and in some cases greater than about 100,000 (cm^sxp micirometer/m^ day atm), 
and/or a permeabihty to water vapor less than about 1000 (g micron[i.eter/m^ day), in some 
cases less than about 100 (g micrometer/m^ day), and in some cases less than about 10 (g 
micrometer/m^ day). For instance, as illustrated in Fig, 5, the results of materials such as 
10 high density polyethylene ("HDPE"), polyethylene terephthalate ("PIET"), polypropylene 
("PP"), or poly(4-methylpentene-l) ("PIMP") are shown,* and these n^ay be suitable for use 
with the invention, as fiirther described "below. Other materials and combinations of 
materials are also contemplated, e.g., as further described below. 

In some embodiments, the humidity control material does not promote cell adhesion, 
15 but may include a cell adhesion layer (ox a cell adhesion layer can be; provided on the 
material) that may be any of a wide variety of hydrophilic, cytophihc, and/or biophilic 
materials. Examples of materials that may be suitable for a cell adhesion layer on a 
humidity control material include, but axe not limited to, polyfluoroorganic materials, 
polyester, PDMS, polycarbonate, polystryrene, and aluminum oxide. As another example, 
20 the humidity control material may include a layer coated with a material diat promotes cell 
adhesion, for e>cample, using an RGD peptide sequence. In some enabodiments, it may be 
desired to modify the surface of a cell adhesion layer, for example, l>y attachment, binding, 
soalcing or other treatments. Example molecules that promote cell acdhesion include, but are 
not limited to, fibronectin, laminin, albixmin or collagen. Where the material includes a cell 
25 adhesion layer, the cell adhesion layer may be positioned as an inner layer or a surface layer 
of the membraae, or may abut an interior of the chip. Preferably, the cell adhesion layer 
:does not significantly impact the permeability or permeance of the huimidity control 
material, or the change in permeability or permeance may be accounted for in the design of 
the humidity control material. 
30 Some of the materials used to form the humidity control material, and, in some 

cases, some of the layers thereof, may be selected based on the gas f> ermeabilities of the 
materials, for example, as previously described. Those of ordinary sl<:ill in the ait will Icnow 
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of methods of determinmg the gas permeability of a material. As one particular example 
method, a sample of a material having a known exposed area and thiclcness (e.g., a 
membrane) may be placed between two chambers, and a gas (or a liquid) may be placed in 
one chamber. The experimental time it takes for the gas (or liquid) to diffuse across the 
material to the other chamber and detected in a suitable fashiooa may then be related to tlxe 
gas (or liqxxid) permeability of the material. 

In one set of embodiments, the humidity control material may include a polymer 
(e.g., a single polymer type, a co-polymer, a polymer blend, a polymer derivative, etc.). 
Examples of polymers that may be used within the humidity control material include, bu-t 
are not linaited to, polyfluoroorganic materials such as polytettrafluoroetliylenes (e.g., such 
as those marketed under the name TEFLON® by DuPont of AV^ilmington^ DE, for example, 
TEFLON® AF) or certain amorphous fluoropolymers; polysVi'enes; PP; silicones such as 
polydimethylsiloxanes; polysulfones; polycarbonates; acrylics- such as polymethyl acrylate 
and polymethyl methacrylate; polyethylenes such as high-density polyethylenes ("HDPE"), 
low-density polyethylenes ("LDPE"), linear low-density polyethylenes ("LLDPE"), ultra 
low-density polyethylenes ("ULDPE") etc.; PET; polyvinylclOoride ("PVC") materials, 
such as those marketed under the name SARAN® by Dow Chemical Co. of Midland, ME ; 
nylons such as that marketed under the name DARTEK® by I>upont; a thermoplastic 
elastomer, and the like. Another example of a suitable material is a BIOFOIL® polymer 
membrane, made by VivaScience (Hannover, Germany). In oxie embodiment, the polymter 
may be poly(4-methylpentene-l) ("PMP"): 



which, ui some cases, may have a permeability coefficient for oxygen of about 3 17.2 (ni^si 
m/s m Pay. Examples of PMPs include those marketed under the name TPX^m by Mitsui ' 
Plastics (White Plains, NY), hi other embodiments, the polyiner may be poly(4- 
raethylhexene-l), poly(4-methylheptene-l) poly(4-methyloctexie-l), etc. In another 
embodiment, the polymer may be poly(l-trimethlsilyl"l-propy-ne) ("PTMSP"): 
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which, in some cases, may have a permeability coefficient for oxygen of about 5.78x10^ 
(cm^sTP mm/m^ day atm). In some cases, copolymer of these and/or other polymers may be 
used in the humidity control material. 

Of course, the first and second layers m.ay also each include a mixtuxe of materials 
in some embodiments. For example, one layer may include at least 50% by weight of one 
material with the balance comprising one or more other materials. In another embodiment, 
each layer consists essentially of a single material. : . 

In some embodiments, the area and thic^loiess of the humidity contro 1 material, or a 
layer or portion thereof, may be used to select a desired degree of permeance and/or 
permeability. As one example, a more water vapor-permeable material may be made 
thicker, or its area may be reduced, in order to treduce the amount of water v apor that 
reaches or leaves the area or region where humidity control is desired. In some cases, the 
material may be designed such that it is between about 10 micrometers and 2 mm thick. 
Within this range, the relative thickness of layejrs within multiple layers or portions of die 
material may vary. For example, a relatively thuick layer of a polyfluoroorganic material and 
a relatively thin layer of vinylidene chloride maiy be usefiil in particular embodiments. As 
additional examples, a few micrometers of polytetrafluoroethylene may be cSeposited or 
coated onto a layer of polydimethylsiloxane, or a few micrometers of HDPE could be co- 
molded with PDMS. 

In some cases, the polymer (or mixture -of polymers) used in the hunaidity control 
material may be sufficiently hydrophobic such -that the polymer is able to retain water (i.e., 
water vapor is not able to readily transport thromigh the polymer). For instarLce, the 
permeability of water through a hydrophobic polymer may be less than abomt 1000 (g 
micrometer/m^ day), 900 (g micrometer/m^ day), 800 (g micrometer/m^ day3, 600 (g 
micrometer/m^ day) or less, as previously descr-ibed. 

In certain embodiments, the polymer(s) used in the humidity control material may 
have a molecular structure open enough to readily allow the transport of oxygen 
therethrough. For instance, the molecular struc-ture may allow transport of oxygen across 



-5S- 



th.pol5™erofg:.atertha„abomlOOO(™Wmi«rrfdayata) crmore as 
P^v.„„s„ described. In one e,„bodfae„, pol,„er is sufficiently benched Jueh to 

*e polymer, unable .ofo™,sm.c,„^„„derambien.condiflons(e.g..atigh,lyc,ys^^^^ 

suc..,,a..nHs.e«of„,,e„*«..™,Mo.i 

1000 (em ^ m,cro,„etertf day aim) or SOO C cm V micmmeterrf daj. atm) 

In anote enxbodimen^ fte polyn,er m^y behde a bulky gmup ftat p^ven, *e 

polymer a™ readUyfo™ingas.ucU,.u„de,ambien.condi,iou.a^,toi,.fte,rans^^ 
ofown^ereo^ou^. A "bulky group- on . polymer, as used bereta. Is a moiety 

-fflc.en.,y large that ,hepolyn,.isu„able.oformac.ys«l.i„es,n,ote. under albien, 

c«d...„nstha.li„u.sd,etonsp„,,ofoxyge„.bere.h.ughtoless.*..aboutlO<K,(X 
mtcrometerWday) or500(cm',„mic,™e,e,/n,^day), Uebulky^o^pmay^rr 
.ns^c.pa«o,*e,,ackWeo,tbepolymerorasidecbainKon«J,el^^^^^^^^ 
bu,^ s.de groups include g^ups contain^ cvCopen^l moieties, isopropy, moiel 
cyclohexy, moieties, phenyl moieties, isobutyl moiedes. «„-bu^, m„ie«es. oyclobepiyi 

mo.^.trmte*y,sily.oro.her,HaU^lsilylm„ie«ese.o.Korexample.i.o„ese.of 
embodunents, the polymer may have a stmctuire: 




R3 



Bk 



cases. R may be a hydrogen or an alkyl group. 
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may be formed out of the same or different materials polymers. For exainple, the humidity 
control material may include a first layer including at least about 55% by Aveight of a first 
polymer or co-polymer and a second layer comprising no more than about 45% by weight 
of the first polymer or co-polymer. As another example, the humidity coatrol material may 
include a first layer including at least about 60°/^>, about 70%, or about 80^ by weight of a 
first polymer or co-polymer and a second layer comprismg no more than about 40%, about 
30%, or about 20% by weight of the first polynxer or copolymer. Jn some embodiments, the 
first polymer may comprise about 100% of the first layer and essentially mone of the second 
layer. In some cases, at least a portion of the first layer may be co-polymerized with the 
second layer. y , 

Where the humidity control material of the present invention is constructed as a 
membrane including two or more layers, the two or more layers may be joined in any 
manner that provides sufficient strength to the membranes. In some cases^ the two or more 
layers may be sufficiently self-supporting and it may not be necessary to j oin the layers, 
meaning a space could be left therebetween if desired. In other embodiments, additional 
layers may be used to support the membrane. . lo embodiments where it is desired to join the 
two or more layers to provide mutual support or" otherwise, examples of acceptable means 
of joining the layers include laminating the layexs together, at least paitially intermixing the 
layers, and co-polymerizuig the layers together. Where the layers are to be intermixed, the 
resin that will form each layer may be partially or totally intermixed before the membrane is 
formed. For example, liquid pre-polymers may be mixed and then a curiri-g agent added, or 
two partially cured layers can be coimected withi a curing agent between them, curing the 
layers together. 

In another set of embodiments, the humidity control material of the present 
invention allows lighit to pass through it. This naay allow the material to b e used where light 
is important, for example, to facilitate a reaction, such as a photocatalyzed reaction, to 
promote cell or plant growth, to cause a biochemical change to occur, or the like. The 
material may also allow observation of a region^ such as a reactor or reaction site, that is 
protected by the hunnidity control material, or is located behind a humidity-controlled 
region. In one embodiment, the humidity control material is translucent, and, in some cases, 
it is at least substantially transparent. One of slcill in the art will recognize that there are 
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properties ba.ed upon a particular applicaon, * 
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membrane may be positioned such that a pathway fluidly connecting a first reaction site 
with a second reaction site crosses the memtrane. For example, in Figs. IOC and lOD, 
membrane 410 does not define surfaces of reaction sites 41 1 or 412, but is positioned such 
that at least one pathway fluidly cormecting reaction site 41 1 with reaction site 412 crosses 
5 membrane 410. 

As one example, in one embodiment:, the membrane may be a porous membrane 
having, for example, a number-average pore size of greater than aboxit 0.03 micrometers 
and less than about 5 micrometers. In other* embodiments, the pore size of the membrane 
may be less than about 4 micrometers, less than about 3 micrometers, less than about 2 
10 micrometers, less than about 1.5 micrometers, less than about 1,0 micrometers, less than 
about 0.75 micrometers, less than about 0.6 micrometers, less than afcout 0.5 micrometers, 
less than about 0.4 micrometers, less than about 0.3 micrometers, less than about 0.1 
micrometers, less than about 0.07 micrometers, and in other embodironents, less than about 
0,05 micrometers. In certain cases, the por&s are also greater than 0.O3 micrometers or 

15 greater than 0.0 8 micrometers. In some cases, the membrane may be chosen to prevent the 
passage of certain cells there through (e.g., bacterial cells, yeast cells, manamalian cells, 
etc.). For example, a membrane with a pore size of about 0.2 microixieters may prevent the 
passage of bacteria cells, and a membrane with a pore size of a bout 1 micrometer may 
prevent the passage of mammalian cells. In certain embodiments, a membrane may be 

20 chosen to prevent or peraiit the passage of certain molecules, e.g., micromolecules, having a 
certain size and/or charge, i.e., a charge and/or size selective membrane. 

The membrane may be or include polymers or other materials such as polyethylene 
terephthalate (PET), polysulfone, polycarbonate, acrylics such as poLymethyl methacrylate, 
polyethylene, polypropylene, regeiierated cellulose, nitrocellulose, aLuminum oxide, glass, 

25 fiberglass, and the like. In certain embodiments, the membrane may also be substantially 
ti'ansparent, e.g., as previously described. In one embodiment, for ejcample, the membrane 
is a substantially transparent polyethylene terephthalate membrane having a pore size of 2 
micrometers or less, for example, a ROTRA.C® capillary membrane made by Oxyphen 
U.S.A., Inc. (New York, NY). 

30 In one set of embodiments, a chip of" the invention may include a structure adapted 

to facilitate the reactions or interactions that are intended to take plac^e therein (e.g., within a 
reaction site). For example, where a chip is intended to function as one or more bioreactors 
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or responds "to light, such as a photodetector or a photovoltaic cell - In yet another 
embodiment, the light-interacting component may manipulate or alter light in some fashion, 
for example, by focusing or collimating light, or causing light to diverge, such as in a lens, 
or spectrally dispersing light, such as in a diffi-action grating or a prism. In another 
embodiment, the light-interacting component may be able to transmit or redirect the 
direction of light in some fashion, such, as along a bent path or around a comer, for example^ 
as in a waveguide or mirror. In yet another embodiment, the light-interacting component 
may alter a property of light incident on the component, such as ttie degree of polarization 
or the frequency, for example, as in a polarizer or an interferometer. Other devices, or 
combinations of devices, are also possible. In general, the term "Light-interacting 
component" does not encompass components or devices that passdvely transmit light 
without significant modification, alteration, or redirection, such as air, or a plane of glass or 
plastic (e.g., a "window")- The term "light-interacting component" also does not generally 
encompass components that passively absorb essentially all incident light without a 
response, such as would be found in ao opaque material. 

In embodiments in which a ligfcit-interacting component is provided in conjunction 
with a reactor, it may be positioned an3^here on or within tlie rea-ctor. For example, the 
light-interacting component may be placed within or adjacent to a_ reaction site. In some 
cases, the light-interacting component is integrally connected withi the reaction site, for 
example, as a wall or a surface of the reaction site. 

As another example, the light-interacting component may "be positioned elsewhere 
in, or integrally coimected to, the chip, such that at least a portion of light entering the light- 
interacting component is in optical communication with the. reaction site. As used herein, 
the term "optical communication" generally refers to any pathway that provides for the 
transport of electromagnetic radiation, such as visible light. Optical communication 
mcludes direct, "line-of-sight" commimication. Optical communLcation may also be 
facilitated, fbr example, by the use of optical devices such as lenses, filters, optical fiber, 
waveguides^ diffiaction gratings, mirrors, beamsplitters, prisms, amd the like. In some 
embodiments, the light-interacting component may direct light to or fi-om more than one 
reaction site, or the light-interacting component may direct light firom more than one light 
source to a reaction site. In certain embodiments, more than one Light-interacting 
component may be present. 
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Under these conditions, a substantial portion of the light traveling through the 
central material may be internally reflected ('total internal reflection") as a result of this 
refractive index difference. Electromagnetic radiation entering one end of the waveguide 
may be confined to the central region due to the phenomenon of total internal reflection art 
the core-cladding boundary. The light may be transported throxj.gh the core, without 
significant absorption by the cladding material or other surrounding materials, until it 
reaches the end of the waveguide, or a predetermined region of -the waveguide that light is 
allowed to exit from. Light traveling through the central material may be directed around 
comers and other obstacles without a significant loss of intensity, for example, with an 
attenuation coefficient of less than about 10 db/cm or 20 db/cm*. . In another embodunent, 
the waveguide may have more than one central material or more than one surrounding 
material. 

As one example of a waveguide, both the central and surrounding materials formiaig 
the waveguide may each be a glass. As another example, a waveguide may be formed ou-t 
of a polymer and a silicon-based material, such that the material with the lower index of 
refraction surrounds the material with the higher index of refraetion. As yet another 
example, the waveguide may be constructed out of a single material surrounded by, for 
example, air or a portion of the chip having a higher index of re±i:action than the waveguide, 
thus resulting in a condition where total internal reflection may occur at the waveguide/ai3r 
or waveguide/chip interface. 

The waveguide may be constructed by any suitable technique laiown to those of 
ordinary skill in the art, for example-^ by milling, grinding, or machining (e.g., by cutting or 
etching a channel into a chip substrate, then depositing material into the channel, optionaLly 
using a sealant). The waveguide may also be formed, for example, by depositing layers c^f 
materials.duxing the chip fabrication- process. The deposited material, in some cases, can 
have a higher index of refraction than the surrounding reactor substrate, thus forming a 
general core-cladding structure, as previously described. The w^aveguide may also be 
constructed "by laser etching of materials forming the chip, such as glass or plastic, in sucbi a 
way as to manipulate/alter the refraotive index, relative to the si:irrounding material. In 
some cases, the refractive index of the etched/non-etched portion may be controlled so as to 
create a core-cladding structure. 
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"coUimate" generally refers to the ability to increase the convergence of rays of light, not 
necessarily to a point or a small region, for e:xample, such that the beam focuses at an 
infinite distance. As one example, diverging beams of hght may be collimated into parallel 
beams of light. In certain embodunents, the optical element may disperse or cause light to 
diverge, for example, as in a diverging lens. In other embodiments, the optical element may 
be, for example, a, beamspUtter, an optical coating (e.g., a dicliroic, an antireflective, or a 
reflective coating), an optical grating, a diffraction grating, or the like. 

In one set of embodiments, the optical element may be a lens. Ttie lens may be any 
lens, such as a converging or a diverging lens. The lens may be, for example, a meniscus, a 
plano-convex lens, a plano-concave lens, a double convex lens, a double concave lens, a 
Fresnel lens, a spherical lens, an aspheric lens, a binary lens, or the like. The optical 
element may also be a mirror, such as a planar mirror, a cui-ved mirror, a. parabolic mirror, 
or the like. In other embodiments, the optical element may cause hght to disperse, for 
example, as in a diffraction grating or a prism. 

In certain cases, a material having a different index of refi'action xnay be used. For 
example, in embadiments in which light reaolies the optical element through a waveguide, 
the optical element may be a material having a different index of reifraction than the 
waveguide. In soxne cases, the index of refra.ction of the optical element will be about the 
same as or more than the index of refraction of the waveguide. 

In some cases, a material having a graded index of refraction (a '*^GRIN" material) 
may be used as an optical element. The GRJCN material may minimize thie amount of 
divergence inherent in light reachmg the GRUSf material. For example, a. material of 
uniform thicloiess can be made to act as a lens by varying its refractive index along a cross 
section of the element. In one embodiment, the GRIN material may redixect divergent rays 
of light into a parallel arrangement. In another embodiment, the GRIN material does not 
necessarily have a uniform thickness, and a oombination of the graded index of refraction of 
the material and the shape of the material ma.^^ be used to focus or coUinrate the light. 

The light-interacting component, in some embodiments, may include a component 
that is able to conA^ert hght to electricity, such as a photosensor or photodetector, a 
photomultiplier, a_ photocell, a photodiode such as an avalanche photodiode, a photodiode 
array, a CCD chip ("charge-coupled device") or the like. The componenLt may be used, in 
some cases, to determine the state or condition of a substance within a reaction site, for 
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example, through emission (including fluorescence or phosphorescenc^e), absorbance, 
scattering, optical density, polarization measurements, or other measuirements, including 
using the human eye. 

In other cases, the light-interacting component may be used foir imagmg purposes, 

5 for example, to image a portion of a cell or other material located at or near the reaction site, 
or to determine Avhether a cell has adhered to a surface. 

In some cases, the light-interacting component may be used to produce electricity. 
In one embodinnent, a photocell may be integrally fabricated within the chip using one or 
more layers comprising semiconductor materials. 

10 In some embodiments, light may be directed to^the reaction site, for example, to 

activate or inhibit a chemical reaction. For example, a reaction may require the use of Ught 
for activation, or a light-sensitive enzyme may be inhibited by applyintg light to the enzyme. 
In certain embodiments, light directed to the reaction site may be usei as a probe or a signal 
source. The light may be delivered in a controlled manner to the reaction site in certain 

15 embodiments, for example, so that the light reachuig the reaction site lias a specific 
wavelength, polarization, or intensity. 

In some embodiments, a portion of the light arising from the reaction site may be 
detected and analyzed. The light arising from the reaction site may be reflected or refracted 
light, for example, light directed to the reaction as previously describ&d, or the light may be 

20 produced through physical means, for example, through fluorescence or phosphorescence. 
In certain embodiments, the light may be generated within the reaction site, as previously 
described. Light from the reaction site may be analyzed using any suitable analytical 
technique, for example, infrared spectroscopy, FTIR ("Fourier Transform Infrared 
Spectroscopy"), Raman spectroscopy, absorption spectroscopy, fluorescence spectroscopy, 

25 optical density, circular dichroism, light scattermg, polarimetry, refrac::tometry, turbidity 
measurements, quasielectric light scattering, or any other suitable techmiques. In another 
embodiment, imaging of the reaction site may be performed, for example using optical 
imaging, or infrared unaghig. 

In some embodiments of the invention, a reactor and/or a reaction site within a chip 

30 may be constructed and arranged to maintain an environment that promotes the growth of 
one or more types of living cells, for example, simultaneously. In some cases, the reaction 
site may be provided with fluid flow, oxygen, nutrient distribution, etc, conditions that are 



-69- 

similar to those found in living tissue, for example, tissue that the cells originate from. 
Thus, the chip may be able to provide conditions that are closer to in, vivo than those 
provided by batch culture systems. In embodiments where one or more cells are used in the 
reaction site, -the cells may be any cell or cell type, for instance a prolcaryotic cell or a 
5 eukaryotic cell. For example, the cell may be a bacterium or other single-cell organism, a 
plant cell, an insect cell, a fungi cell or an animal cell. If the cell is ^ single-cell organism, 
then the cell may be, for example, a protozoan, a trypanosome, an amoeba, a yeast cell, 
algae, etc. If the cell is an animal cell, the cell may be, for example,^ an invertebrate cell 
(e.g., a cell from a fruit fly), a fish cell (e.g., a zebrafish cell), an anxphibian cell (e.g., a frog 
10 cell), a reptile cell, a bird cell, or a mammalian cell such as a primate cell, a bovine cell, a 
horse cell, a porcine cell, a goat cell, a dog cell, a cat cell, or a cell Qrom a rodent such as a 
rat or a mouse. If the cell is from a multicellular organism, the cell may be from any part of 
the organism. For instance, if the cell is from an animal, the cell ma.y be a cardiac cell, a 
fibroblast, a Iceratinocyte, a heptaocyte, a chondracyte, a neural cell, a osteocyte, a muscle 
15 cell, a blood cell, an endotheUal cell, an immune cell (e.g., a T-cell, a B-cell, a macrophage, 
a neutrophil, a basophil, a mast cell, an eosinophil), a stem cell, etc. In some cases, the cell 
may be a genetically engineered cell. In certain embodiments, the cell may be a Chinese 
hamster ovarian ("CHO") cell or a 3T3 cell. In some embodiments, more than one cell type 
may be used simultaneously, for example, fibroblasts and hepatocyt^s. In certain 
20 embodiments^ cell monolayers, tissue cultures or cellular constructs (e.g., cells located on a 
non-living scaffold), and the like may also be used in the reaction site. The precise 
environmental conditions necessary in the reaction site for a specifics cell type or types may 
be determined by those of ordinary skill in the art. 

In some instances, the cells may produce chemical or biological compounds of 
25 therapeutic and/or diagnostic interest, for instance, in nanogram, microgram, milligram or 
gram or higher quantities. For example, the cells may be able to produce products such as 
monoclonal antibodies, protems such as recombinant proteins, amino acids, hormones, 
vitamins, drug or pharmaceuticals, other therapeutic molecules, artificial chemicals, 
polymers, tracers such as GFP ("green fluorescent protein") or luciferase, etc. In one set of 
30 embodiments., the cells may be used for drug discovery and/or drug <ievelopmental 

purposes. For instance, the cells may be exposed to an agent suspected of interacting vv^ith 
the cells. Non-limiting examples of such agents include a carcinog&nic or mutagenic 
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In still other cases, the light may be used to kill the cells, for example, directly, or by 
inducing an apoptotic I'eaction. 

In some embodiments, the chip may be constructed and arranged such that cells 
within the ctiip can be maintained in a metabolically active state, for example, such that the 
cells are able to grow and divide. For instance, the chip may be constructed such that one or 
more additional surfaces can be added to the reaction site, for example, as in a series of 
plates, or the chip may be constructed such that the cells are able to divide while remaining 
attached to a. substrate. In some cases, the chip may be constructed such that cells may be 
harvested or removed from the chip, for example, through an outlei: of the chip, or by 
removal of a, surface from the reaction site, optionally without substantially disturbing other 
cells present within the chip. The chip rnay be able to maintain the cells in a metabolically 
active state for any suitable length of time, for example, 1 day, 1 week, 30 days, 60 days, 90 
days, 1 year^ or indefinitely in some cases. 

In orxe aspect, the present invention provides any of the above-mentioned chips 
packaged in kits, optionally including instructions for use of the chLips. That is, the lot can 
include a description of use of the chip, for example, for use with a, microplate, or an 
apparatus adapted to handle microplates. As used herein, "instmctions" can define a 
component of instruction and/or promotion, and typically involve written instructions on or 
associated with packaging of the invention. Instructions also can include any oral or 
electronic instructions provided in any manner such that a user of tlie chip will clearly 
recognize that the instructions are to be associated with the chip. Additionally, the kit may 
include other components depending on. the specific application, for example, containers, 
adapters, syringes, needles, replacement; parts, etc. As used herein., "promoted" includes all 
methods of doing business including methods of education, hospital and other clinical 
instruction, scientific inquiry, drug discovery or development, academic research, 
pharmaceutical industry activity includixig pharmaceutical sales, and any advertising or 
other promotional activity including written, oral and electronic coammunication of any 
form, associated with the invention. 

The jEunction and advantage of ttiese and other embodiments of the present invention 
will be more fiilly understood from the examples below. The folio Aving examples are 
intended to illustrate the benefits of the present invention, but do not exemplify the frill 
scope of the invention. 
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' Example 1 

In this example, a chip, as illustrated generally in Fig. 5A, was prepared in 
accordance with an embodiment of thes mvention. 

A first chip layer havmg associated fluidic channels, ports, chambers, other reaction 
5 sites, etc. therein was mjection moldedL or machined from a stock sheet of acryUc or 

polycarbonate. This first layer was attached to a machined or injection molded flat bottom 
plate (also acrylic or polycarbonate) b3' means of a pressure-sensitive silicone adhesive 
(Dielectric Polymers). A 0.2 micrometer pore size membrane (O smonics, Minnetonka, 
MM) was also attached to the top side of the first layer by means of the pressure-sensitive 
10 silicone adhesive. 

A second chip layer (including chamber top) having associated fluidic channels, 
ports, chambers, other reaction sites, etc. therein was cast in a mold using PDMS. This 
second layer -was fashioned to be alignLable with the first cliip layer. The second layer was 
aligned with the chambers in the first chip layer and attached by means of the pressure- 
sensitive silicone adhesive, forming a completed chip. The PDMLS top could function as a 
septum or a self-sealing membrane by itself, or in some cases, aa additional partial layer of 
PDMS could be bonded over an inlet or outlet of the chip using tlie pressure-sensitive 
adhesive. 

Example 2 

In this example, an embodimeot of this experiment was used to demonstrate pH 
sensing. 

Several chips similar to Ihe one described in Example 1 were prepared. Each chip 
included a predetermined reaction site - as defined by a chamber within the chip. The 
chamber depth of the bottom chamber (i.e., the distance of the ckamber from the surfece of 
25 the chip) was about 3 mm. 

Fourteen solutions of 0. 1 M phiosphate bufifer (K2HP04/K:H2P04, both from Sigma- 
Aldrich, Milwaukee, WI) having differing pH were prepared witH 5 micromolar solution of 
CDMF. CDMF (5(6)-carboxy-2',7'-dimethoxyfluorescein; Helix Research, Springfield, 
OR) is a fluorescent pH dye. A series of reaction sites on three different chips were each 
30 filled with the CDMF solutions. 

The fluorescent intensity ("I") of the CDMF solutions in each chamber within each 
chip was measured upon excitation at two wavelengths, 5 10 mn and 450 nm. The light 
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sources used for excitation were high intensity light-emitting diodes (LEDs, LXHL-BEOl 
and -BR02; Lumileds, San Jose, CA). Tlxe LED light was placed ia optical communication 
with a 600 micron diameter optical fiber (T600-2, Ocean Optics) by a lens (74-UV, Ocean 
Optics), then directed to the chip. The einitted light was collected b^^ a 25.4 mm f-1 lens 
(Thorlabs, Newton, NJ) and optically conramunicated to another 600 micron fiber which, in 
turn, was in optical communication with a computer-controlled speotrophotometer (USB- 
2000F, Ocean Optics). The emission intensity reported in both cases was measured at 560 
nm. 

Sample results from these experiments are shown in Fig. 13 ^here the ratio of 
intensities was plotted versus the solution pH. Intensities were measured at 560 nm upon 
excitation by 45 0 nm light (l450nm) and 5 1 Onm light (Isionm), and the xatio of these values 
was plotted as (Xjsonm/Isionm)- The response of the fluorescent signal w^as found to correlate 
well with pH over the range of at least about 6 to at least about 8. 

Thus, this experiment demonstrating the capability of optically addressing one 
embodiment of the invention to measure and control pH using ratiometric fluorescence 
techniques. - 

Example 3 

This example illustrates the preparation of a chip in accordance with an embodiment 
of the invention- 

A chip layer having associated fluidic channels, ports, chambers, etc. therein was 
cast in polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, MDdland, MI) using a 
machined aluminum mold. The PDMS layer was cured at 90 °C for 20 minutes. The 
PDMS layer was attached to a bottom plate by means of a pressure s ensitive silicone 
adhesive layer (Dielectric Polymers, Holyoke, MA). The bottom plate was made of acrylic 
or polycarbonate and was machined from sheet stock or injection molded. The layers were 
bonded by compressing the layers in a hydraulic press (Carver, Wabash, EN), forming the 
completed chip. The PDMS top could function as a septum itself, or in some cases, an . 
additional partial layer of PDMS could be bonded over an inlet or oixtlet of the chip using 
the pressure sensitive silicone adhesive. 

E^cample 4 

This example illustrates the control of the pH within a reaction site of a chip, 
according to another embodiment of the irxYention. 
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Multiple ckips similar to the one described in Example 3 were prepared using 
PDMS, having a geometry similar to the embodiment illustrated in Fig. 5. Each chip 
included three predetemiined reaction site defined by a chamber within tho chip. The 
chamber depth (distance from the surfece of the chip) was 500 microns. 

Three chambers of one chip were each filled with a solution of 5 O micromolar 
chlorophenol red dye (Sigma-AIdrich, Milwaukee, WI). Cholorphenol r-ed is known to 
undergo a color change from yellow to purple as the solution gets more basic (i.e., as the pH 
of the solution increases). This color change can be monitored by mea^ring the absorbance 
of the solution at a wavelength of 574 nm. 

The pH of the reaction sites within the chips was determined optically. The light 
source (tungsten halogen; LH-1; Ocean Optics) was connected to an optical fiber (PlOO-2- 
Ocean Optics) whioh terminated with acoUonating lens (74-UV; Ocean Optics) (these 
components are not shown on Figure 15). The optical fiber assembly delivered light 310 to 
the reaction site 32 0. The transmitted light 3 15, now at least partially attenuated by the 
turbidity of sample 325 within reaction site 320, was collected with another collimating 
lens/fiber assembly (not shown) which trarisxnitted it to a computer-controlled 
spectrophotometer 330 (USB-2000; Ocean Optics) The optical density C^OD") was 
calculated as OD = log(I/Io). 

To control the pH within predetermined reaction site 320, a small amount (about 20 
microliters) of amnaonia solution (Sigma-Aldrich, Milwaukee, WI) was placed on top of the 
chip, generally proximate reaction site 320. The light absorbance at 57^ mn of the reaction 
site was monitored over the course of two hours. Three concentrations of ammonia were 
used, as shown in Fig. 14: 4.0 M NH^OH (.), 1.5 M NKUOH (.) and a control, water (A) 
m Fig. 14, the optical density at 574 mn was plotted versus time for the three solutions 
using 50 micromolar chlorophenol red asthe pH mdicator. Initial and final pH values were 
estimated from the observed change in OD. 

It was found that volatile ammonia was able to permeate PDMS and enter the 
reaction site, thereby substantially increasing the pH of the solution withtin the reaction site 
through gaseous non-liquid transport through the PDMS, i.e., without nxaking direct liquid 
contact to the liquid within the predetemiined reaction site. It was also demonstrated that 
both the total change in pH and the rate of change within the predetermimed reaction site 
could independently be controlled by adjustirxg the concentration of ammonia. By adjustmg 
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the thickness of the cover and the permeability of the cover material, th.e rate of pH change 
within the reaction site was also controiled- 

Similar results, where the pH was controUably lowered instead of raised, were also 
demonstrated using methods similar to those described above. In those experiments, acetic 
acid was used as the pH-altering agent. 

E>g:ample 5 

This example illustrates an embodiment of the invention as used to adjust the pH 
within a predetermined reaction site while avoiding any liquid contact tlierein, 

A microreactor was constructed out of polydimethylsiloxane (PDMS). This 
particular device had a footprint of 127.77 xnm by'85.48 mm, generally the same size as a 
96 microwell plate. This particular device Avas assembled by combining the various layers 
of materials, membranes, and barrier/interCace layers to form a stacked composite structure 
having a 200 microliter chamber, as described in Example 1 . 

The pH of the chamber was monitored using a pH-altermg agen*!, chlorophenol red, 
within the ceil culture chamber. The emission spectra of the chamber was recorded every 
10 seconds for about 90 minutes. At an initial tune, a drop of ammonia. (20 microliters, 4.0 
M) was placed on a tliin layer of PDMS covering the chamber. The araLinonia gas was 
allowed to diffuse as a gas across the PDMS to enter the chamber, thus illustrating gaseous 
non-Uquid transport of an agent to the predetermined reaction site. 

A plot of the optical density of the ohamber with respect to time of this experiment 
is shown in Fig. 1 6, for wavelengths of 480 nm, 574 imi, and 700 nm. ^ wavelength of 480 
nm is indicative of the agent chlorophenol red, with higher optical density values indicating 
more alkaline coaditions. These data show a rapid increase in the optical density at 574 nm 
over a period of about 3 minutes, begmning at about 5 minutes, indicati3ig a rapid change in 
pH to more allcaline conditions during the experiment. In this experim&nt, the pH in the 
chamber was observed to rapidly increase from an initial value of 4.35 to a final value of 
10.5. 

Thus, this example illustrates the coxitroUed alteration of the pH of a chamber 
without directly contacting the chamber with a liquid. 

Exiample 6 

This example illustrates the ratiometric determination of the pH "within a reaction 
site of a chip according to an embodiment of the invention. 
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A chip was prepared using methods similar to those in Example 1. A pH sensor for 
the chip was constructed by immobilizing a fluorescent, pH-sensitiv^e dye in a gel. The gel 
was prepared as follows. A stock solution of 15 ml tetraethoxysilaae (TEOS) and 20 ml 
ethanol (both from Sigma-Aldrich, Milwaukee, WI) was prepared eaid kept sealed until use. 

5 To malce the sol/gel, 1 ml of the TEOS solution was mixed with 1 inl of 500 micromolar 
solution of carboxyfluorescein (Sigma-Aldrich) in a 1:1 solution of ethanol and water. To 
this mixture, O.l ml of 0.5 M hydrocUoric acid (Sigma-Aldrich) wa.s added to catalyze 
formation of the sol/gel. Aliquots of 20 microliters of the catalyzed, mixture were pipetted 
mto small wells (500 microns deep) in tlie bottom plate. The plates with the sol/gel mixture 

10 were then allowed to gel over 48 hours in a humid environment. After the gel completely 
cured, the carTjoxyfluorescein dye was immobilized on the bottom plate. 

The gel was placed in fluidic contact within the reaction site . Solutions having 
Icnown pH values were added into the reaction site. The fluorescence of the gel in contract 
wifli the reaction- site, indicative of the pH withm the reaction site, was monitored using a 

15 ratiometric fluorescent procedure. In this procedure, the fluorescent response of the pH- 
sensitive dye at two different wavelengtlis (5 10 and 480 nm) in resp onse to the pH was 
determined using a commercially-availaWe UV-visible spectrometex. By using solutions 
having different known pH's within the reaction site, the ratio of the response at 510 nm and 
the response of 480 nm was shown to be proportional to the pH of ttie solution, thus 

20 demonstrating ratiometric determination, of the pH within a reaction site. 

Example 7 

In this example, control of the pH within a reaction site of a chip was demonstrated 
according to one embodiment of the invention. 

A chip simile to the one described in Example 1 was attached to a control system. 

25 A computer was used to record the pH values determmed using the ratiometric procedure 
described above, and, using a control algorithm, the computer was a.ble to determine 
whether control action to adjust the pH within the reaction site was necessary. When tiie 
computer determined that a control action was required, a fluidic coxinection was 
established between the chip and an external puinping system by opening a valve that 

30 connected the chip to the extemal pumping system. The external pumping system was then 
allowed to add an amount of an acid (e.g., ammonium hydroxide) or- a base (e.g., acetic 
acid) to adjust the pH of the fluid within the reaction site to the reqaired set-point. The 
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amount of acid or base to be added was determined by the computesr using the control 
algorithm. 

Example 8 

In this example, control of the pH within the reaction site was demonstrated in 
accordance with another embodiment of the invention. 

A chip similar to the one described in Example 1 was attactaied to a control system. 
A fluorescent, pH-sensitive dye was immobilized in a gel in accordance with Example 6, 
and a computer was connected to the chip, similar to the method described in Example 7. 
When the computer determined that a control action was required to adjust the pH within 
the reaction site, the computer caused a jEluidic system to dose a determined amount of 
ammonium hydroxide (base) or acetic aoid (acid) on a permeable nnembrane in fluid 
communication with the reaction site. Control of the pH was then achieved by the action of 
acid or base diffusing through the membrane to enter the reaction site. 

Example 9 

This example illustrates various ohips of the invention formLcd from multiple layers 
of dissimilar materials. A variety of adhesives were used to fix the interface layers to the 
rigid ceil culture or sealing layers depending on the materials invoWed. One adhesive used 
for bonding PDMS to polycarbonate was a two-part urethane epox>^ mixed with un-cured 
PDMS. The adhesive process used to bond rigid polycarbonate layers to each other was 
either sonic welding or a heated press. The reaction site was designed to be about 200 
microns thick and had a volume of rougtily 20 microliters. 

In this example, a chip 280 having reaction site 240 was fabricated. As shown in 
Fig. 17A, a polycarbonate layer 244 was attached to PDMS layer 242. A gap within PDMS 
layer 242 defined reaction site 240 wheix the chip was assembled, a.s shown in Fig. 17A. 
PDMS layer 242 was attached to polycarbonate layer 244 using the above-described two- . 
part urethane epoxy mixed with un-cured PDMS. 

A similar chip is illustrated in Fig. 17B. In this figure, react:ion site 240 was defined 
by layer 245 , which was a thin, rigid layer of polycarbonate. Between layers 242 and 245 
was a gas-permeable fihn 246 (BIOFOIL® made by VivaScience)* Layers 244, 245, 246 
and 242 of chip 80 were joined using the above-described adhesive? processes. 
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Example 10 

This example illustrates various chips of the invention formed from multiple layers- 
of dissimilar materials. A variety of adhesives were used to fix tlie interface layers to the 
rigid cell culture or sealing layers depending on the materials involved. One adhesive used 
for bonding PDMS to polycarbonate \vas a two-part urethane epoxy mixed with un-cured 
PDMS. The adhesive process used to bond rigid polycarbonate layers to each other was 
either sonic welding or a heated press. The reaction site was designed to be about 200 
microns thick and had a volume of roughly 20 microliters. 

The fabrication of the chips illustrated in Figs. 1 8A and 1 8B were similar to those 
described m Example 9, mcludmg the adhesion methods, hi Fig:.. ISA, the reservou- layer 
248 was fashioned from polycarbonate and was positioned hetween gas-permeable film 24-6 
(BIOFOrC®) and polycarbonate layer 244. Reservoir layer 248 has a gap (i.e., a hole or a 
partially hollowed out space)- that defines reaction site 50, which, was a reservoir in this 
example. In Fig. 1 8 A, the reaction site 240 was defmed by a gap interface layer 242. 

In Fig. 18B, polycarbonate layer 248 was used to defme xeaction site 250. 
Additionally, a second gas-permeable membrane 249 (BIOFOIL®) was used between 
polycarbonate layer 245 (defining reaction site 240) and polycarbonate layer 248. 

Example 1 1 

This example illustrates the fabrication of an embodiment of tlie mvention without 
using adhesive materials. The reaction site was designed to be about 200 microns thick an d 
had a volume of roughly 20 microliters. 

The layout of this example, illustrated in Fig. 19, is similar to that illustrated in Fig_ 
18B of Example 10, except that an additional compression layer 252 was used to 
mechanically hold the other layers in place. No adhesive materials were used m this 
example. Instead, screws 253 extending from polycarbonate layer 252 through the other 
layers of the chip were secured to layer 244 to fabricate chip 280. 

Example 12 

In this example, an embodiment of the present invention is illustrated as used in a 
chip sealed by a membrane having a permeability to oxygen high enough to allow culture of 
living cells. The amount of oxygen requured in this example is a function of the number of 
cells present and the oxygen requirements for the cells' metabolism. This is illustrated in tbie 
equations 2-4 below. 
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r = Ad . • (2) 



(3) 



(4) 

In these equations, P represents the permeability (typically measured in units of cm^sip 
mm/m^ atm day), A is the area (typically measured in m^),;?^,^ is the oxygen partial pressurre 

10 in the chip (typically measured in atnx), pom is the oxygen partial pressure outside the chip 
(typically measured in atm), / is the membrane thickness (typically measured in 
micrometers), Fis the volume of the chip (typically measured in microliters), J is the cell 
culture chamber depth (typically measured in micrometers), « is the cell density (typically^ 
measured in cell/ml), and r is the speoific oxygen demand per cell (typically measured in 

15 02/cell h). 

Equation 4 represents a mass balance equating oxygen consumed by the growing 
culture to that available via diffusion through the film. Equation 2 sets the volume of the 
culture chamber equal to cross sectional area of the membrane? contacting the chamber equal 
area out of both sides. Rearrangement: yields Equation 3, thus expressing die minimum 

20 oxygen permeability needed to sustain cells of a given populatiion density and metabolic rate 
as a fimction of film thickness and "chamber depth 

Values for P generally depend on the polymer and the permeant system, and were 
varied in this example for oxygen bet\?veen 39,000 (cm^sTP mnx/m^ atm day) for silicon to 
0.01 (cm^ STP mm/m^ atm day) for EV^; pi„ was varied between 0.05 atm and 0.2 atm, ancS 

25 ' Pout was assumed to be 0.2 atm. The film thickness, /, was varied between 1 micrometer and 2 
mm. F was held to be less Uian 1 ml, and the cell culture depth, d, ranged between 30 
microraetexs and 2 mm. The cell density, n, was assumed in ttiis example to be between 1 
cells/ml and lO' cells/ml for mammalian cells and between lO^cells/ml and 10^' cells/ml for 
bacteria. The specific oxygen demand per cell ranged between 0.5 and 5x10"'^ mol 02/cell h. 
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Equations 2-4 were then used to generate Figs. 20 and Fig. 21 . Fig. 20 is a gra.ph of 
oxygen permeability requirements for bacterial cell culture as a function of film thiclcness 
and device geometry. Fig. 21is a graph of oxygen permeability requirements for bacterial 
cell culture as a fiuiction of film thiclcness and device geometry. In both figures, flat 
5 horizontal lines represent the permeability of likely membrane or thin fihn consfruction 
materials, while diagonal lines represent the highest and lowest expected oxygen 
requirement. In these figures, n, the cell density, and r. the specific reaction rate, were set to 
the highest and lowest values, and the partial pressure differential fe„-^^,) was setto O.05 
atm. The required permeability was then linear in the product of 4 the chip depth and I. the 
10 thickness of the covering fihn. 

Example 13 , : . 

This example illustrates the use of an embodiment of the invention to detennii:ie tlie 
turbidity of a solution. This example generally corresponcis to the common practice of 
measuring cell density of bacterial cells by nephelometry Clight scattermg measured at 90<> ' 

15 to the primary beam). See, generally, Methods for General Bacteriology, P. Gerhardt. Ed., 
1981 "W^ashington D.C. p. 197. 

^ chip having an integrated waveguide was constrxicted as follows. The top layer of 
the chip was prepared and cast with polydimethylsiloxane (PDMS, Sylgard 184, Dow 
Coming, Midland, MI) using a machined aluminum mold. 

20 ^ short section of polymeric waveguide (500 microns square, acrylic; Soutli Coast 

Fiber, Alachua, FL) was laid in the machined aluminum ncaold such that one end abutted the 
edge of the mold and the other end extended to the edge of the mold. Fluid PDMS was 
poured into the mold and allowed to cure. The PDMS was cured at 90 °C for 20 miniites. 
immobilizing the waveguide in the chip and creating a light path fi-om the edge of the chip 

25 to a predetermined reaction site, a chamber. The cured PDMS layer was adhered to a flat 
polystyrene bottom layer, forming the completed chip (the PDMS layer spontaneously 
adhered to the polystyrene layer). The depth of the chamber form the surface of the cliip 
was about 1 mm. 

Light scattering was measured from a series of turhid solutions contained in thte 
30 above ohip. With reference to Fig. 22, the output of a helinm-neon laser (05-LHP-991, 
wavelength = 632.8 mn; Melles Griot Lasers, Carlsbad, C^) was focused onto the end'of 
waveguide 540 which transmitted the light to the reaction site 520. The detector 53 0 
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consisted of a collimating lens (74-UV f/2 lens; Ocean Optics, Dunedin, FL), an opti<:al 
fiber (T600-2, 600 micron dia.; Ocean Optics), and an attached spectrophotometer (UTSB- 
200OF; Ocean Optics). The detection angle was -90*^ from the axis of the waveguide. 
The reaction site was filled with a series of turbid solutions of non-dairy coffee 
creainer (Sugar Foods, New York, NY) which had absorbance values at 632 nm ranging 
from 0.05 to 1.85. A plot of scattered light intensity (63Z nm) vs. relative concentration is 
given in Figure 23, Linear correlation was observed for tho solutions with optical d&aisity 
values ranging from 0.05 to 0.5 . At higher concentrations, the scattered light response 
became non-linear. 

- Example 14 

This example demonstrates an optically addressah>le reaction site, in accordance with 
an enxbodiment of the invention. 

A chip was prepared using methods similar to tho se in Example 1 3 . The chips used 
in this experiment were generally prepared. The distance of the reaction site from th^ 
surface of the chip was about 200 microns. As discussed below, the chip was optically 
addressed to measure optical density, using an arrangement similar to that pictured in Figure 
15. 

The light source (tungsten halogen, LH-1; Ocean Optics) was connected to an 
optical fiber (PlOO-2; Ocean Optics) which tenninated with a collimating lens (74-LrV; 
Ocean Optics) (not shown in Fig. 15). The optical fiber atssembly delivered Ught 3 lO to a 
reaction site 320. The transmitted light 315, now at least partially attenuated by the 
turbidity of sample 325, was collected with another collimating lens/fiber assembly Qnot 
shown) which in turn transmitted to detector 330, a computer-controlled spectrophotometer 
(USB -2000; Ocean Optics). The optical density was calc^ulated as OD = log(I/Io). 

The optical density ("OD") of a bacterial culture C^. coli BL21 in chemically defined 
media w/glucose) was monitored over a 13 hour growth period in a reaction site. Th-e 
results from this experiment are shown in Fig. 24, which illustrates the growth oiE. e^oli 
BL21 at 30 ^'C and 37 in the reaction sites of the chip, ^s monitored by a fiber opti c 
spectrometer. These data thus demonstrate the validity ojf measuring cell growth by 
optically addressing reactions of the invention. 
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Example 15 

Fig. 25 is a perspective view of a planar solid substrate having a single rea-ction site 
(e.g., a chamber) and various charmels. The planar salDStrate comprises two separately 
molded silicone sheets 605 and 615. In this embodhtaent, reaction site 610 and chLarmels 

5 640 and 650 are formed by juxtaposing elements molcied into silicone sheets 605 ^nd 615. 
Chamber 610 in Fig, 25 includes a lower cell c:julture portion 620 and an ujpper 
reservoir portion 630. The lower cell culture portion 620 is in fluid communication with 
two lower portion channels 640 located at opposite comers of the lower cell cultuxe portion 
620. The upper reservoir portion 630 is in fluid communication with two upper p ortion 

10 ctiannels 650 located at opposite comers of the upper reservoir portion 630, The ^pper 
reservoir portion 630 and its associated upper portion charmels 650 are molded ia-to upper 
silicone sheet 605 , while the lower cell culture portion 620 and its associated lower portion 
charmels 640 are molded into lower silicone sheet 615. The upper reservoir portion 630 and 
the lower cell culture portion 620 are separated by a membrane 655 that extends t)eyond 

15 chamber 610 between the upper silicone sheet 605 an<l the lower silicone sheet 615, The 
membrane, in this example, is substantially impermeable to mammalian cells, but is 
permeable to proteins, small molecules, and the like. Of course, in other embodinfients, 
other impermeable or semipermeable membranes ma^^ be used, for example, a huoiiiidity 
control membrane. 

20 Each of the upper portion charmels 650, in Fig. 25, ends at an upper portion port 665 

that passes completely through upper siHcone sheet 6 15, This arrangement allocs the upper 
portion port to be cormected to additional channels, supply chambers, waste chanabers, 
product chambers and the like that are cormected at the upper surface of the uppe^- silicone 
sheet. Of course, access to the upper portion channel s can be provided in other w^ays, 

25 In Fig. 25, each of the lower portion channels 640 ends at a lower portion port 660 

that passes upward through the lower silicone sheet S05. Each lower portion port 660 is 
aligned with an opening 670 in upper silicone sheet ^15. This arrangement allows access to 
each lower portion port through the upper silicone sh^et 615 and allows each low^er portion 
port to be connected to additional channels, supply ctiambers, waste chambers, pirbduct 

30 chambers and the like that are connected at the upper surface of the upper silicone sheet. Of 
course, access to the lower portion charmels can be pxovided in other ways. 
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As noted above, the upper reservoir portiorL of the chamber and its associated 
channels are molded directly into the upper silicone; sheet while the lower cell culture 
portion of the chamber and its associated channels are separately molded into the lower 
silicone sheet. Thus, prior to assembly of the appaaratus as shown in Fig. 25^ each siUcone 
sheet includes an open upper or lower portion of ih.c chamber and several open channels. A 
completely enclosed trwo-portion chamber and enclosed channels are formeci by 
sandwiching a selectively permeable membrane between opposed upper and lower silicone 
sheets. In the embodiment of Fig. 25, the lower silicone sheet serves to close the open 
upper portion channels and the upper portion silico^ne sheet serves to close the open lower 
portion channels. As shown in Fig. 25, the membrane can extend beyond th_e walls of the 
chamber so that it lies between the upper and lowei: silicone sheets. The two silicone sheets 
are held together using any convenient fixture. 

The silicone into which the portions of the chamber and channels are? molded is 
sufficiently gas permeable to provide adequate gas exchange for the growth of aerobic cells 
in the chamber of the device. 

Fig. 26A is a plan view of the lower silicon^! sheet 605 showing the lower cell 
culture portion 620 of the chamber along with its associated channels 640 aod lower portion 
ports 660. The wall 6 80 of lower cell culture portion 620 lacks abrupt transitions and 
corners. This facilitates complete mbdng and dispersion of material introduced into the 
lower cell culture portion. 

Fig. 26B is a cross-section of lower silicone sheet 605 along A-A' in Fig. 2. The 
base 690 of the lower cell culture portion 620 is substantially planar and perpendicular to 
the wall 680 of the lower cell culture portion 620. . In this embodiment, base 690 curves 
gently upward to meet the wall 680. This absence of sharp corners, in this e:xample, 
facilitates complete mixing and dispersion of material in the lower cell cultirre portion 620. 

Fig. 26C is a plan view of upper silicone sh.eet 615 showing the upper reservoir 
portion 630 of the chamber along with its associate^d channels 650, both of which end at an 
upper portion port 665 that provides access throughi the upper silicone sheet 615 to the 
upper portion channels. The wall 695 of upper reservoir portion 630 lacks a.'brupt transitions 
and corners in this example. This facilitates compLete mixing and dispersion of material 
introduced into the upper reservoir portion 630. In the assembled device, patssages 670 in 



-84- 

the upper silicone sheets 615 are aligned with the low^er portion ports the lower silicone 
sheet, allowing access to ttie lower portion channels tlirough the upper silicone sheet. 

Fig. 26D is a cross-section of upper silicone slieet 615 along B-B' in Fig. 26C. As 
can be seen in this view, passage 670 provides an ope^ning tlirough the upper silicone sheet 
5 615. This opening is aligned with one of the lower portion ports when the uppex silicone 
sheet and the lower silicone sheet are joined to form at complete chamber. Uppe^r portion 
port 665 is molded into upper silicone sheet 615 and provides access to the upper portion 
chaimels. 

Fig. 26E is a perspective view of the upper reservoir portion of the chanxber along 
10 with associated channels. The upper reservoir portion 620 and associated chanrxels 650 are 
inolded into an upper silicone sheet 615. The base 6Z 8 of the upper reseiToir portion 620 is 
planar in this example, hi this embodiment, the wall of the upper reservoir portion 618 is 
perpendicular to the base 628 of the upper portion. Tlie base 628 can curve gently upward . 
to meet the wall 61 8 in order to facilitate mbcing and dispersion of material in ttie upper 
15 portion. The upper portion ports 665 located at the ends of the channels 650 allow the 
introduction of material into the channels. The upper silicone sheet 615 includes two 
passages 670 that permit access to the lower portion ports when the upper silicoxie sheet and 
lower silicone sheet are joixied to form a complete cha,mber. 

Example 16 

20 In this example, a device was fabricated using three layers. In this embodiment, the 

bottom layer is a solid slab. The middle layer has a mLcmbrane molded into it thsd separates 
an upper reservoir portion from a lower cell culture portion, both of which are nxolded into 
the middle layer. The upper reservoir portion and tiie upper portion microcharmels are 
molded into the upper surface of the middle layer and. the lower cell culture portion and the 

25 lower portion microchanneJs are molded into the lowe^r surface of the middle la>^er. 
Openings passing through the middle layer permit aca ess to the lower portion 
microchaimels. The top layer has four openings passing through it to serve as ports for the 
four microchannels. The top layer serves to seal the upper reservoir portion and its 
associated microchannels, vvhile allowing access to all ports. The bottom layer serves to 

30 seal the lower cell culture portion and its associated nxicrochannels. 
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Example 17 

In this prophetic example, a fluidic device of the in\rention is used to examiiLe the 
effect of chemical agent A on fermentation of a bacterium. Twelve fluidics, each b&aring a 
single chamber having a cell culture portion and reservoir portion are aligned in parallel. 

5 The fliaidics are sterilized and sterile growth media is pumped into each cell culture portion 
tlirough a fluid delivery system. The reservoir portions of six fluidics receive a measured 
aliquot of chemical agent A and. growth medium througli the fluid delivery system axid the 
remaining six receive growth medium only. Having six fluidics for each case providles a 
measure of redundancy for statistical purposes. The cell culture portion of each of the 12 

10 fluidics is inoculated with a volxime of concentrated cells, thie volume bemg about V 20 to 
1/10 ttte volume of the cell cultijre portion. The growth of tlie microorganisms is monitored 
in each, of the 12 fluidics by measuring pH, dissolved oxygeoi concentration, and celL density 
througli the use of appropriate sensors in the fluidics. The fluidic heat exchangers, a<idition 
of chemicals, and airflow rate, tlie fluidic can control temperature, pH, and dissolved 

15 oxygen concentration, respectively. When cells reach statiojnary phase, the average cell 
gi'owth. rate and average final coll concentration are computed for the six fluidics witGh 
chemical agent A and for the six fluidics without. By comparing these averages, ch&mical 
agent A can be said to enhance cell growth, have no significant effect, or hinder cell growth. 

Example 18 

20 In this prophetic example, a fluidic device of the invention is used to provide an 

environment in which to grow cells or tissue that closely resembles that found in hunaans or 
mammals. With respect to drug screenmg, the fluidic device can monitor responses of cells 
to a drug candidate. These responses can includes increase or decrease in cell growth rate, 
cell metabolic changes, cell physiological changes, or changes in uptalce or release of 

25 biological molecules. With many fluidics operating in parallel, different cell lines ca-ii be 
tested along with screenmg multiple drug candidates or various drug combinations. By 
incorporating necessary electrorxics and soflware to monitor iand control an array of fluidics, 
the screening process can be automated. 

Twenty fluidics each containing a single chamber divided into a cell culture portion 

30 and a reservoir portion are sterilized. Sterile animal cell culture media is pumped into the 
cell culture portion of each of the chambers through the fluid delivery system. Each ifluidic 
is then inoculated with mammalian cells that are genetically engineered to produce a 
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therapeutic protein. The cells sre allowed to grow to production stage all the white their 
growth and environment is mooiitored by sensors in the fiuidic. The fluidic, through control 
of temperature, pH, and air floAv rate, is able to maintain an optimal enviroimient for growth 
of the cells. Once at production stage, the fluidics are separated into four groups of five. 
Three of the four groups receive various cocktails of inducers for the therapeutic pirotein 
while the fourth group serves as a control and thus receives no inducers. The inducers and 
control sample are introduced into the reservoir portions of chambers through the fluid 
delivery system. A marker chemical that binds with the therapeutic protein is introduced 
along with inducers. When the culture is irradiated with, light at a wavelength that excites 
the bound marker chemical, the chemical then fluoresces, and the intensity of fluorescence 
is proportional to the Concentration of therapeutic proteioi in the culture. Both the irradiated 
Ught and the fluorescent signal are passed through the detection window covering the fluidic 
chamber. The fluorescent sigrtal is picked up by a photodetector outside the fluidio. 
Production of the therapeutic protein is monitored for each of the four gi-oups, and at the end 
of production, average production rates and average total production can be compu-ted for 
each group. Comparison of production between the foux groups can then determine the 
effectiveness of the various inducers on protein production. 

Example 19 

In this prophetic example, a fluidic device is useci in an adsorption assay, for 
example, to model the adsorption of drugs and others agents in the gut. For example, the 
fluidic device can be provided with a chamber divided into two portions by a polyc^arbonate 
membrane having a 3.0, 2.0, or 1.0 micron pore size. Caco-2 (colon carcinoma eel Is) are 
grow^xi on one* surface of the niembrane within a first portion of the chamber until tfciey are 
differentiated. A drug or other agent is introduced into the portion of the chamber 
containing the cells. Passage of tlie drug or other agents through the cell layer into a second 
portion of the chamber is monitored. 

A similar arrangement oan be used for a cell migration assay. In such an a&say, a 
membrane with a 5.0-12.0 micron pore size is used. 

Example 20 

Useful quantities of a large number of target proteins are produced as follows in this 
prophetic example. 
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A microfabricated bioreactor containing on& or more cell growth chambers is 
sterilized and sterile growth media is pumped into each growth chamber through a fluid 
delivery system. For coiiveraience, the bioreactor caii contain, for example, 96 cell growth 
chambers arranged in the same manner as the wells of a 96 well plate. Each clxamber 
receives an aliquot of maininaliaa cells and an aliqaot of DNA encoding proteiais of interest 
axid, optionally, one or more selectable marks. The cells are transfected with thie added 
DNA by calcium phosphate transfection or some other technique. 

After transfection is complete, each chambeir contains cells that express a different 
protein of interest. The cells are cultured so as to produce usefiil quantities of the proteins 
of interest which can then be harvested and analyzed or passed through microcliaimels to be 
axialyzed using the microreactor system described above. 

As an alternative, the cells can be transfected with the DNA molecules of interest 
prior to introduction into the growth chambers. 

Example 21 

Useful quantities of a large number of target proteins are produced as follows in this 
prophetic example. 

A microfabricated bioreactor containing one or more cell growth chamt^er is 
sterilized and sterile growth media is pumped into each growth chamber throug:h a fluid 
delivery system. Each chamber receives an aliquot of mammalian cells and an aliquot of a 
nnixture of DNA molecules encoding proteins of interest and, optionally, one oir more 
selectable markers. The cells are transfected with tlxe added DNA by calcium phosphate 
transfection or some other technique. 

After transfection is complete, each chamber contains cells that express one or more 
of the different proteins of interest. The cells are cultured so as to produce useflil quantities 
of the proteins of interest which can then be harvested and analyzed or passed tlirough 
in-icrochannels to be analyzed using the microreactor- system described above. 

Example 22 

In this prophetic example, useful quantities of a large number of target proteins are 
produced as follows. 

A microfabricated bioreactor is sterilized and sterile growth media is puanped into 
ea^ch growth chamber tlirough a fluid delivery system. Each chamber receives an aliquot of 
mammalian cells. A different agent is added to each, chamber or each chamber is incubated 
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under different conditions. As a result of the differing treatments, the cells iix each chamber 
potentially produce a different group of proteins. 

The cells are cultured so as to produce useiul quantities of the proteins of interest 
which can then be harvested and analyzed or passed through microchannels to be analyzed 
using the microreactor system described above. 

Example 23 

In this prophetic example, useful quantities of a large number of targe?t proteins are 
produced as follows. 

A microfabricated bioreactor containing one or more cell growth charxbers is 
sterilized and sterile groAVth media is^pumped into each growth chamber through a fluid 
delivery system. Each 6hamber receives an aliquot of mammalian cells and an aUquot of 
DNA or a mixture of DNA molecules encoding proteins of mterest and, optionally, one or 
more selectable markers. The cells are transfected with the added DNA by calcium 
phosphate transfection or some other technique. 

After transfection is complete, the cells in each chamber are geneticaLly mutated by 
the action of ionizing radiation, uteaviolet light, or other physical, chemical or biological 
mutagenesis agents. After genetic mutation, each, chamber contains cells tha* express one or 
more of the different proteins of interest at potentially different rates and under different 
gene expression profiles. The cells are cultured so as to produce useful quantities of the 
proteins of interest which can then be harvested amd analyzed or passed throui-gh 
microchannels to be analyzed using the microreaotor system described above^ . 

Example 24 

Useful quantities of a large number of target proteins can also be pro(3uced as 
follows in this prophetic example. 

A microfabricated bioreactor containing oone or more cell growth chambers is 
sterilized and sterile growth media is pumped into each growth chamber thronugh a fluid 
delivery system. Each chamber receives an aliquot of bacterial or fimgal cells and an 
aliquot of a mixture of DNA molecules encoding proteins of interest within a. genetic vector. 

After genetic modification of the cells is c^omplete, each chamber corttains cells that 
express one or more of the different proteins of iixterest. The cells are cultured so as to 
produce usefiil quantities of the proteins of interest which can then be harvested and 
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analyzed or passed through microchannels to b e analyzed using the microre?actor system 
described above. 

Exam ple 25 

In this prophetic example, useful quantities of a large number of target proteins can 
also be produced as follows. 

A microfabricated bioreactor containing one or more cell growth chambers is 
sterilized and sterile growth media is pumped Lxito each growth chamber through a fluid 
delivery system. Each chamber is implanted y^ith a tissue sample displaying a phenotype of 
interest. 

The tissue samples -are incubated so as to produce useful quantities of the proteins of 
interest which can then be harvested and analy:2;ed or passed through microchannels to be 
analyzed using the microreactor system described above. 

Example 26 

This example illustrates the construction of certain embodiments of "the invention. 

Fig. 27 A depicts a cross-sectional view of the cell growth chamber of a 
microfabricated bioreactor device useful in the methods of the invention. TJhe cell growth 
chamber 710 is a cylinder about 7 mm in diameter and about 0.1 nun in height having a 
total volume of 3.85 microliters. The chamber is fluidly connected to three microchaimels. 
The first microchannel 720 is 0.4 mm wide by O.l mm deep and serves as a liquid inlet. 
The second microchannel 730 has similar dimension and serves as a liquid outlet. The third 
microchaimel 740 is 0.2 mm wide by 0.1 mm d.eep. This microchannel can be used to 
introduce cells or any desired material into the <:hamber. The three microchLannels and the 
cell growth chamber are etched into a solid support material. 

Fig. 27B depicts a cross-sectional view of a gas headspace portion associated with a 
cell growth chamber. This allows a continuous, supply of air to pass throughi the 
microfabricated bioreactor. A cylindrical chamber 750 that is about 7 mm ixi diameter and 
about 0.05 mm in height is etched in glass along with a gas inlet microchannel 760 and gas 
outlet microchannel 770, both of which are about 0.05 mm wide by about 0-05 mm deep. 
The cylindrical chamber of the gas headspace portion is matched over the cell growth 
chamber. The two halves can then be bonded together so as to form a tight seal. 

To prevent the air flowing through the gas headspace from removing liquid in the 
cell growth chamber in this example, a membrane can be placed in so as to separate the gas 



headspace from the liquid filled bioreactor. Tie membrane retards passage of water and 
allows for the passage of air. The various microchannels are connected to supply units or 
waste units. These units as well as mixing devices, control valves, pumps, sensors, and 
monitoring devices can be integrated into the substrate in which the cell growth chamber is 
5 built or can be externally provided. The entire assembly can be placed atove or below a 
heat exchanger (or sandwiched between two hteat exchangers) to control the temperature of 
the unit. 

The silicone into which the portions of the chamber and microchannels are molded, 
in this particular example, is sufficiently gas permeable to provide adeqixate gas exchange ' 
10 for the growth of aerobic cells in the chamber of the device. 

While several embodunents of the invention have been described and illustrated 
herein, those of ordinary skill in the art will readily envision a variety of other means and 
structures for performmg the functions and/or obtaining the results or advantages described 
15 herein, and each of such variations or modifications is deemed to be wittiin the scope of the 
present invention. More generally, those slciU^d in the art would readily appreciate that all 
parameters, dimensions, materials, and configvirations described herein aie meant to be 
exemplary and that actual parameters, dimensions, materials, and configurations will 
depend upon specific applications for which thie teachings of the present invention are used. 
Those skilled in the art will recognize, or be able to ascertain using no more than routine 
experimentation, many equivalents to the specific embodiments of the indention described 
herein. It is, therefore, to be understood that tine foregoing embodiments are presented by 
way of example only and that, within the scope of the appended claims aotid, equivalents 
thereto, the invention may be practiced othervv^ise than as specifically described. The 
present invention is directed to each individual feature, system, material and/or method 
described herein. In addition, any combmatioE of two or more such features, systems, 
materials and/or methods, if such features, systems, materials and/or raetaiods are not ' 
mutually inconsistent, is included within the scope of the present invention. 

In the claims (as well as in the specific^ation above), all transitional phrases such as 
"comprising," "including." "carrying," "having," "containing," "involving," and the like are 
to be understood to be open-ended, i.e. to meaxi including but not limited to. Only the 
transitional phrases "consisting of and "consi sting essentially of shall be closed or semi- 
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closed transitional phrases, respectively, as set forth in the United States Patent Office 
Manual of Patent Examining Procedures, Section 2111,03. 
What is claimed is: 
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CLAIMS 



An appaTatus, comprising: 

a. chip comprising a predetermined reaction site havirtg a volume of less than 
about 1 ml; and 

an active control system able to control an environmental factor associated 
with the chip in response to a signal indicative of a condition associated with the 
chip, so as to support a living cell within the predetermined reaction site. 

The apparatus of claim 1, the chip comprising a plurality of reactors, wherein one of 
the plurality of reactors comprises the predetermined reactioa site. 

The apparatus of claim 1, wherein the active control system is mtegrally connected 
to the chiip. 

The apparatus of claim 1, wherein the predetermined reaction site has a volume of 
less than about 500 microliters. 

The apparatus of claim 1, wherein the predetermined reaction site has a volume of 
less than about 100 microliters. 

The apparatus of claim 1, wherein the predetermined reaction site has a volume of 
less than about 10 microliters. 

The apparatus of claim 1, wherein the predetermined reaction site has a volume of 
less than about 1 microliter. 

The apparatus of claim 1, wherein the predetermined reaction site has a maximum 
dimension of less than about 1 cm. 

The apparatus of claim 1, wherein the predetermined reaction site has a maximum 
dimension of less than about 1 mm. 
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10. The apparatus of claim 1, wherein the predetermined reaction site has a maximum 
dimension ofless than about lOO micrometers, 

11. The apparatus of claim 1 , wherein the predetermined reaction site has a maximum 
dimension of less than about 10 micrometers. 

12. The apparatus of claim 1, wherein at least one surface of tlie predetermined reaction 
site comprises an inorganic material. 

13. The apparatus of claim 12; wherein the inorganic material comprises a 
semiconductor. 

14. The apparatus of claim 12, wherein the inorganic material comprises a metal. 

15. The apparatus of claim 1, wherein the living cell is a manxmalian cell. 

16. The apparatus of claun 1, wherein the living cell is a bacterium. 

17. The apparatus of claim 1, wherein the cell is a plant cell. 

18. The apparatus of claim 1, wherein the living cell is part of a tissue culture. 

19. The a.pparatus of claim 1, wherein at least one surface of the predetermined reaction 
site comprises a polymer. 

20. The apparatus of claun 19, wherein the at least one surface consists essentially of the 
polymer. 

21. The apparatus of claim 19, wherein the polymer is selected from the group 
consisting of a silicone, a polycarbonate, a polyethylene, a polypropylene, a 
polytetrafluoroethylene, a polyvixiylidene chloride, a bis-t:>enzocyclobutene, a 
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polystyrene, a polyacrylate, a polymethacrylate, a polyinnide, and combinations 
thereof. 

The apparatus of claim 1, wherein the control system is able to control at least one 
environmental factor within the predetermined reaction site selected from the group 
consisting of: 

relative humidity, pH, 

molarity, a concentratioa of a dissolved gas, 

osmolarity, glucose concentration, 

glutamine concentration, pyruvate concentration, 

apatite concentration, color, 

turbidity, - = .. viscosity, 

a concentration of an amino acid, a concentration, of a vitamin, 

a concentration of a hormone, serum concentration, 

a concentration of an ion, shear rate, 

degree of agitation, temperature, 

pressure, O2 concentration, 

CO2 concentration, 

and a concentration of an oligopeptide. 

The apparatus of claim 1, wherein the control system is able to control the 
temperature within the predetermined reaction site. 

The apparatus of claim 1, wherein the control system is able to control the pressure 
within the predetermined reaction site. 

An apparatus, comprising: 

a chip comprising a predetennined reaction site h.aving a volume of less than 
about 1 ml; and 

a control system able to control an envfronmental factor associated with the 
predetennined reaction site, the environmental factor being at least one of relative 
humidity, pH, dissolved O2 concentration, dissolved CO2 concentration, and 
concentration of a media component. 



The apparatus of claim 25, wherein the control system is integrally connected to the 
chip. 
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The apparatus of claim 25, wherein the chip is constructed and arranged to maintain 
at least one living cell at tlie predetermined reaction site. 

The apparatus of claim 25, wherein the? media component is selected from the group 
consisting of a carbohydrate source, sejrum, a growth factor, an enzyme, a hoimone, 
an amino acid, or an oligopeptide. 

The apparatus of claim 25, wherein the cai'bohydrate source is glmicose. 

The apparatus of claim 25, the chip comprising a plurality of reactors, wherein one 
of the plurality of reactors comprises tlxe predetermmed reaction site. 

The apparatus of claim 25, wherein the predetermined reaction srte has a volume of 
less than about 500 microliters. 

The apparatus of claim 25, wherein at least one surface of the pre^ determined 
reaction site comprises an inorganic material. 

The apparatus of claim 25, wherein at l^ast one surface of the pre determined 
reaction site comprises a polymer. 

The apparatus of claim 25, wherein the living cell is a mammalian cell. 

An apparatus, comprising: 

a chip comprising a predetenniried reaction site having a volume of less than 
about 1 ml; 

a sensor integrally connected to the chip, wherein the sensor is able to 
determine art envu-onmental factor associated with the predetermined reaction site, 
the environmental factor being at least one of: 



pH, 

molarity, 

glucose concentration, 
pyruvate concentration, 
color^ 



a concentration of a disstolved gas, 
osmolarity, 

glutamine concentration ^ 
apatite concentration, 
turbidity, 
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viscosity, 

a concentration of a vitamin:, 
serum concentration, 
shear rate, 



a concentration of aa aanino acid, 
a concenti'ation of a hoxmone, 
a concentration of aa ion, 
and degree of agitatioa ; and 



an actuator integrally connected to the chip able to alter the environmental 

factor. 

The apparatus of claim 34, w^herein the chip is conslructed and ajxanged to maintain 
at least one living cell at the predetermined reaction site. 

The apparatus of claim 34, wherein the actuator is able to transport energy to the 
predetermined reaction site. 

The apparatus of claim 36, wherein the energy comprises thermal energy. 

The apparatus of claim 36, wherein the energy comprises sound energy. 

The apparatus of claim 36, wherein the energy comprises mecha.nical energy. 

The apparatus of claim 34, further comprising a processor able to determine a 
response for the actuator based on a measurement from the sensor. 

The apparatus of claim 40, wherein the processor is integrally connected to the 
article. 

The apparatus of claim 40, wherein the processor comprises an electronic circuit. 

The apparatus of claim 34, the chip comprising a j)lurality of reatctors, wherein one 
of the plurality of reactors comprises the predetermined reaction, site 



The apparatus of claim 34, wherein the predetermined reaction site has a volume of 
less than about 500 microliters. 



45. 
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The apparatus of claim 34, wherein at least one surface of the predetermined 
reaction site comprises an inorganic material. 



46. The apparatus of claim 34, wlierein at least one surface of the predetermined 
5 reaction site comprises a polymer. 

47. The apparatus of claim 34, wherein the living cell is a maanmalian cell. 

48. The apparatus of claim 34, further comprising a processoir able to receive a signal 
10 from the sensor and produce a signal to the actuator. 



49. An apparatus, comprising: 

a chip comprising a predetermined reaction site having a volume of less tha.n 
about 1 ml; 

15 a first sensor integrall>^ connected to the chip, the first sensor able to 

determine at least one of temperature and pressure; 

a second sensor integrally connected to the chip, wherein the second sensor 

is able to deteraiine a second environmental factor, the second environmental factor 

being at least one of: 

pH, a concentration of a dissolved gas, 

molarity, osmolarity, 

glucose concentration^ glutamine conceaitration, 

pyruvate concentration, apatite concentration, 

color, turbidity, 

viscosity, a concentration of an amino acid, 
a concentration of a vii;amin, a concentration of a hormone, 

serum concentration, a concentration of an ion, 

shear rate, and degree of agitation; and 

an actuator integrally connected to the chip able to alter at least one of the 
30 temperature, the pressure, and the environmental factor. 



20 



25 



50. 



The apparatus of claim 49, whierein the chip is constructeca and arranged to maintaim 
at least one living cell at the predetermined reaction site. 
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Aji apparatus, comprising: 

a chip comprising a plurality of predetermined reaction sites each having a 
volume of less than about 1 ml; and 

a sensor able to determme an environmental factor associated with at least 

one of the predetermined reaction sites, the factor beimg at least one of: 

CO2 concentration, glucose concentration, 

glutamhie concentration, pyruvate concentration, 

apatite concentration, serum concentration, 

a concentration of a vitamin, a concentration of an amino acid, 
and a concentration of a hormone. 

The apparatus of claim 51, wherem the sensor is integrally connected to the chip. 

The apparatus of claim 51, further comprising a temperature sensor. 

The apparatus of claim 51, further comprising a pressxare sensor. 

The apparatus of claim 5 1, the chip comprising a plurality of reactors, wherein one 
of the plurality of reactors comprises the predetermined reaction site. 

The apparatus of claim 51, wherein at least one predetermined reaction site has a 
volume of less than about 500 microliters. 

The apparatus of claim 51, wherein at least one surface of at least one predeterronined 
reaction site comprises an inorganic material. 

Xhe apparatus of claim 51, wherein at least one surface of at least one predetermined 
reaction site comprises a polymer. 

The apparatus of claim 5 1, wherein the living cell is a mammalian cell. 

The apparatus of claim 5 1, further comprising an actuator able to alter the 
ejnvironmental factor associated with at least one of the predetermined reaction sites. 
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The apparatus of claina 60, further comprising a processor able to receive a signal 
from the sensor and produce a signal to the actuator. 

An apparatus, comprising: 

a chip comprising a predetermined reaction site having a volume of less than 
about 1 ml; and 

a control system able to produce a change in a first environmental factor 
associated v^ith the predetermined reaction site within 1 s of and responsive^ to a 
change in a second environmental factor assccia-"ted with the predetermined reaction 
site. 

The apparatus of claim 62, wherein the control s^^stem is integrally connected to the 
chip. 

The apparatus of claim 62, wherein the chip is constructed and arranged to maintain 
at least one living cell at the predetermined reaction site. 

The apparatus of claim 62, wherein the control s^^stem is able to produce a ohange in 
the first environmental factor within 100 ms of a. change in the second 
environmental factor. 

The apparatus of claim 62, wherein the control s^^stem is able to produce a c^hange in 
the first environmental factor witliin 10 ms of a ohange in the second environmental 
factor. 

The apparatus of claim 62, wherein the control system is able to produce a ohange in 
the first environmental factor within 1 nis of a chiange in the second environumental 
factor. 

The apparatus of claim 62, the chip comprising a, plurality of reactors, wherein one 
of the plurality of reactors comprises the predetermined reaction site. 
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The apparatus of" claim 62, wherein the predetermined reaction site ha^s a volume of 
less than about 5 OO microliters. 

The apparatus of claim 62, wherein at least one surface of the predetetrmmed 
reaction site comprises an inorganic material. 

the apparatus of claim 62, wherein at least one surface of the predeterroined . 
reaction site comprises a polymer. 

The apparatus of claim 62, wherein the living cell is a mammalian cell. 

An apparatus, comprising: 

a chip comprising a predetermined xeaction site having a volume of less than 
about 1 ml; and 

an active control system able to control an environment within, the 
predetermined reaction site so as to support a living cell for a period o f at least 1 
day. 

The apparatus of claim 73, wherein the control system is integrally cojtinected to the 
chip. 

The apparatus of claim 73, wherein the chip is constructed and arranged to maintain 
at least one living cell at the predetermined reaction site. 
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